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Targeting Urokinase-Type Plasminogen Activator 
Receptor on Human Glioblastoma Tumors With 
Diphtheria Toxin Fusion Protein DTAT 

Daniel A. Vallera, Chunbin Li, Ni Jin, Angela Panoskaltsis-Mortari, 
Walter A, Hall 



Background: The prognosis for patients with brain cancer is 
poor, and new therapies are urgently needed. Recombinant 
toxic proteins that specifically target tumor cells appear to 
be promising. Urokinase-type plasminogen activator (uPA) 
receptor (uPAR) is expressed on the surface of glioblastoma 
and some other tumor cells and endothelial cells. We syn- 
thesized a recombinant fusion protein, DTAT, which con- 
tains the catalytic portion of diphtheria toxin (DT) for cell 
killing fused to the noninternalizing ammo-terminal (AT) 
fragment of uPA, and investigated its effectiveness in target- 
ing uPAR-positive tumor cells. Methods: In vitro cytotoxicity 

f DTAT was measured by cell proliferation assays. For in 
vivo studies, athymic nude mice (four to five animals/group) 
bearing uPAR- expressing human glioblastoma (U118MG) 
cell-induced tumors were injected with DTAT or control 
pr tein. Tumor volume was assessed over time, and differ- 
ences between treatments were analyzed by Student's t test 
Effects of DTAT on body organ systems were evaluated in 
normal, tumor-free C57BL/6 mice histologically and func- 
tionally by serum enzyme tests. All statistical tests were two- 
sided. Results: In vitro, DTAT was highly potent and selec- 
tive in killing uPAR-expressing glioblastoma cells (U118MG, 
U373MG, and U87MG) and human umbilical vein endothe- 
lial cells. In vivo, compared with mice treated with control 
proteins, DTAT caused a statistically significant (P = .05) 
regression of small U118MG cell-induced tumors in all mice. 
Control fusion proteins that did not react with glioblastoma 
cells had no effect on tumor growth. DTAT given to tumor- 
free C57BL/6 mice had little effect on kidney, liver, heart, 
lung, and spleen histologies. Serum analysis in the same mice 
showed no elevation in blood urea nitrogen, indicating lack 

f effect on kidney function but a statistically significant 
(P = .046), albeit non-life-threatening, elevation in liver ala- 
nine aminotransferase levels. Conclusion: DTAT may have 
potential f r intracranial glioblastoma therapy because of its 
ability to target turn r cells and tumor vasculature simulta- 
neously and its apparent lack of systemic effects. [J Natl 
Cancer Inst 2002;94:597-606] 
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Among adolescents and adults in the age range of 15-34 
years, central nervous system malignancies are the third leading 
cause of cancer-related death (I). Moreover, the 2-year survival 
rate of patients is extremely low at less than 20% (2). Thera- 
peutic approaches have been complicated by the fact that there 
has been no tumor-specific marker that could be targeted in the 
majority of patients (3), The discovery that certain receptors are 
selectively overexpressed on glioblastoma multiforme (GBM), 
an aggressive form of brain cancer, has raised new interest in 
targeting this cancer with fusion proteins (FPs). These FPs are 
experimental therapeutic agents consisting of a targeting ligand 
coupled to a potent toxin (4). Although attractive in concept, 
these FPs have had limited clinical promise because of their 
failure to concentrate at the site of tumor (5). Unfavorable tumor 
vasculature dynamics (high interstitial pressures) and distance 
needed to be traveled by the injected protein result in its inef- 
ficient distribution to target tissue (6). Injection of FP directly 
into the tumor may circumvent these problems because therapy 
can be concentrated at the site of the tumor, thereby diminishing 
the risk to nontarget organs. Brain tumor anatomy lends itself to 
intratumoral therapy, and clinical response to intratumoral FP 
therapy for brain cancer has far exceeded that of other cancer 
types — in excess of 50% (7). 

Investigators have studied interleukin 13 (IL-13) as an FP 
ligand and have shown that although normal cells may express 
the receptor, they remain poorly responsive to IL-13-FP, prob- 
ably because of limited receptor expression and different recep- 
tor structures (8). IL-13-FP made with Pseudomonas exotoxin is 
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specifically cytotoxic (9). Recently, we showed that diphtheria 
toxin (DT)-1L-13 fusion toxin was effective against gliomas that 
express high levels of IL-13 receptor (IL-13R) (JO). Despite its 
well-documented potency and selectivity, use of IL-13-FP is 
limited because all glioblastomas do not express IL- 1 3R. Data in 
this paper, including nude mice studies, indicate that certain 
GBM tumors are unaffected by therapy with 1L-13-FP. There- 
fore, based on an extensive body of literature supporting the 
expression of urokinase-type plasminogen activator (uPA) re- 
ceptor (uPAR) on glioblastoma [reviewed in (11)], we devised 
an alternative strategy for DT-IL-13-unresponsive tumors. The 
uPAR was targeted because, in addition to its expression on 
tumor cells (12-16), it is also expressed on endothelial cells 
[reviewed in (17)]. Endothelial cell expression of uPAR is an 
advantage because other investigators have successfully targeted 
tumor neovasculature with FP, thus demonstrating that destruc- 
tion of the tumor microvasculature inhibits tumor growth (18). 

To simplify our approach, we cloned a hybrid molecule by 
using the amino-terminal (AT) fragment (ATF) of uPA. Uroki- 
nase is sequestered at the cancer cell surface by its receptor 
uPAR, thereby activating circulating plasminogen protease [re- 
viewed in (19)]. This enhances proteolysis of extracellular ad- 
hesion molecules such as collagen and fibronectin, thus promot- 
ing tumor invasion. We chose the ATF domain because it 
includes the molecular binding region and a fusion protein made 
with ATF and saporin-inhibited human uPAR-expressing cells 
(20). The ATF domain completely lacks the catalytic domain of 
uPA but possesses an endothelial growth factor (EGF)-like or 
growth factor domain that comprises the receptor binding se- 
quence of human uPA (21). Upstream of the ATF, DT's catalytic 
region was attached to render the molecule cytotoxic. A single 
DT molecule in the cytosol can kill a cell (22). The transloca- 
tion-enhancing region of DT was included in the design to en- 
hance the toxicity of the FP. To test the idea that an agent with 
the ability to bind to both tumor and tumor vasculature would 
have potent anti-glioblastoma effects, we synthesized and tested 
in vivo and in vitro the effectiveness of DTAT, which can target 
uPAR on the cell surface. We hypothesize that the DTAT mol- 
ecule will be highly active against glioblastoma cells. 

Materials and Methods 

Recombinant DTAT 

Recombinant DTAT was synthesized by a technique previ- 
ously described (23). The hybrid gene was constructed by the 
method of gene splicing (Fig. 1, A and B). An NcoUXhoX gene 
fragment was cloned by polymerase chain reaction (with a splice 
overlap extension encoding the 390-amino-acid portion of DT 
[DT 390 J, an EASGGPE linker [black box in Fig. 1, panel A], and 
the downstream 1 35-amino-acid ATF from uPA) and ligated 
into the pET21d expression vector forming plasmid pDTAT.pET21 
(Novagen, Madison, WI). The DT 190 consists of a 193-amino- 
acid N-terminai A chain, the 342-amino-acid B chain, a disulfide 
bond between chains A and B, and the native binding region 
(region between the two black arrows in Fig. 1, panel B) that has 
been genetically removed (145 amino acids). The B chain has a 
hydrophobic translocation enhancing region (TER) (shown by 
four black bands in Fig. 1, panel B). The RVRR is a protease- 
sensitive site that must be nicked in low pH endosomes to ac- 
tivate the toxic protein. Restriction endonuclease digestion and 
DNA sequencing analysis (University of Minnesota Micro- 
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Fig. 1. A) Construct encoding the DTAT (diphtheria toxin [DT]-amino terminal 
[AT] fragment of urokinase-type plasminogen activator [uPA]) gene fragment 
used in these studies. An Ncol/Xhol gene fragment was cloned by polymerase 
chain reaction and splice overlap extension encoding DT^ an EASGGPE 
linker (black box), and the downstream 1 35-amino-acid AT fragment (ATF) 
from uPA. The gene was cloned into the pET2ld expression vector forming the 
plasmid pDTAT.pET2 Id. B) Cartoon depicts DT 390 , the 193-amino-acid 
N-terminal A chain, the 342-amino-acid B chain, a disulfide bond between the 
two chains, and the native binding region that has been genetically removed 
(145 amino acids). The region between the two black arrows depicts the native 
binding region. The four bands on the B chain depict the hydrophobic translo- 
cation enhancing region (TER). The RVRR is a protease-sensitive site that must 
be nicked in low pH endosomes to activate the toxic protein. 



chemical Facility) were used to verify that the hybrid gene had 
been cloned in frame. Plasmid was transformed into the Esch- 
erichia coli strain BL21(DE3) (Novagen). Expression was in- 
duced and protein was refolded and purified from inclusion bod- 
ies. The pellets were washed three times with Triton X-100 
buffer and four times with wash buffer (50 mAf Tris, 50 mM 
NaCl, and 5 mAf EDTA buffer by briefly homogenizing with a 
tissuemizer and incubating for 5-10 minutes. Inclusion bodies 
were collected by centrifugation at 24000^ for 50 minutes. Solu- 
bilization of the inclusion body pellet was achieved by sonicat- 
ing in denaturant buffer consisting of 7 M guanidine, 0. 1 Af Tris 
(pH 8.0), and 2 mM EDTA. To remove insoluble material, the 
solution was centrifuged at 40000$ for 10 minutes, and the 
supernatant was collected. Renaturation was initiated by a rapid 
100-fold dilution of the denatured protein into chilled 
refolding buffer consisting of 0.1 M Tris (pH 8.0), 0.5 M 
L-arginine, and 2 mAf EDTA. The samples were incubated at 
10°C for 48 hours. Ultrafiltration was performed against 20 mAf 
Tris (pH 7.8) with a spiral membrane ultrafiltration cartridge on 
Amicon's CH2 system (Amicon, Beverly, MA). Samples were 
loaded on a Q-Sepharose (Sigma-Aldrich, St. Louis, MO) ion 
exchange column and eluted with 1 M NaCl in 20 mM Tris (pH 
7.8). The protein was diluted fivefold and subsequently applied 
to a Resource Q column (Pharmacia Biotech, Uppsala, Sweden) 
and eluted with a linear salt gradient from 0 to 1 M NaCl in 20 
mM Tris (pH 7.8) and dialyzed against lx phosphate-buffered 
saline (PBS). Ion exchange chromatography conditions were 
based on the estimated isoelectric point of 6.1 derived with the 
use of ISOELECTRIC (Wisconsin Package version 10.0-UNIX; 
Genetics Computer Group, Madison, WI). The main peak from 
the Resource Q column was further purified by size-exclusion 
chromatography on a TSK 250 column (TosoHass, Montgom- 
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eryville, PA). Standard sodium dodecyl sulfate-polyacrylamide 
ge! electrophoresis (SDS-PAGE) analysis was performed to as- 
sess purity. Preparations of control DT 390 containing FPs with 
either mouse or human interleukins (e.g., DT-m-IL-4, DT-h-IL-2, 
DT-h-IL-13, and DT-m-IL-3) have been previously reported 
(25-25). 

Cell Lines and Antibodies 

The cell lines Ul 18MG, U87MG, U373MG, and T98G (with 
suffix G) were derived from human patients diagnosed with 
GBM and were obtained from American Type Culture Collec- 
tion (Manassas, VA). Neuro-2a (a murine neuroblastoma cell 
line), Daudi (derived from human Burkitt's lymphoma), and 
SKBR3 (a human mammary gland adenocarcinoma line) were 
also obtained from ATCC. They were all maintained in RPMI- 
1640 medium (BioWhittaker, Walkers ville, MD) supplemented 
with 10% heat-inactivated fetal bovine serum (FBS; BioWhit- 
taker), 2 mM L-glutamine (Life Technologies, Rockville, MD), 
0.1 mM nonessential amino acids (Life Technologies), 1.0 mAf 
sodium pyruvate, 100 U/mL penicillin, and 100 mg/mL strep- 
tomycin (Life Technologies). Human umbilical vein endothelial 
cells (HUVECs), used within seven passages, were obtained 
from Dr. S. Ramakrishnan (University of Minnesota) and were 
maintained in Medium 199 (Life Technologies) containing 15% 
heat-inactivated FBS, 100 U/mL penicillin, 100 mg/mL strepto- 
mycin, and 1 mL epidermal cell growth media (BioWhittaker). 
AH the cells were maintained at 37 °C in a humidified incubator 
with 5% C0 2 /95% air and were passaged two to three times per 
week. 

Neutralization experiments were performed by using poly- 
clonal rabbit anti-human urokinase immunoglobulin G (IgG) as 
well as a murine IgG2a monoclonal antibody against human 
uPAR obtained from American Diagnostica (Greenwich, CT). 
Anti-IL-4 antibody (rat anti-mouse IgGl from clone 1IB11) 
(26) was used as a control for the blocking experiments (de- 
scribed in Fig. 4, B). To facilitate human tumor growth in nude 
mice, rabbit anti-asialoGMl (Wako Chemicals USA, Richmond, 
VA) was administered. 

Pr liferation Assay 

The in vitro cytotoxicity of DTAT and other FPs was mea- 
sured by inhibition of DNA synthesis (27). Cells at 10 4 /well 
were plated in 100 uX of culture medium in a 96- well flat- 
bottomed tissue culture plate and incubated overnight at 37 °C 
in a humidified atmosphere of 5% CC>2/95% air. Various con- 
centrations of DTAT diluted in culture medium were added in 
100-p,L volumes and incubated for 48 or 72 hours. One |xCi of 
[methyl- 3 H]thymidine (Amersham Pharmacia Biotech, Little 
Chalfont, U.K.) was added at the beginning of the last '8 hours of 
incubation: The cells were washed and harvested on glass fiber 
filters, and the incorporation of radioactivity was quantified. All 
cytotoxicity assays were performed in triplicate and expressed as 
a percentage of control response, i.e., incorporation of [^thy- 
midine in cells incubated without toxin. The assays were re- 
peated at least two to four times, showing that the results were 
highly reproducible. The concentration of DTAT at which 50% 
inhibition of DNA synthesis (IC 50 ) occurred was calculated. For 
blocking experiments, antibodies were pre-incubated with the 
toxins for 30 minutes at 37 °C, and the experiment was per- 
formed as described above. 
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In Vivo Mouse Turn r Studies 

Six- to eight-week-old female athymic nu/nu nude mice (for 
tumor studies) and C57BL/6 mice (for toxicity studies) were 
purchased from the National Institutes of Health (Bethesda, MD) 
and maintained in microisolator cages under specific pathogen- 
free conditions as set forth by the Department of Research Ani- 
mal Resources (University of Minnesota, Minneapolis). On day 
2 and day 4, 25 uL of anti-asialoGMl diluted in 175 pL PBS 
was injected intraperitoneal^ into each nude mouse. Anti- 
asialoGMl is an immunosuppressive agent that reacts with 
mouse natural killer (NK) cells, mouse monocytes, and fetal 
thymocytes, thereby enhancing tumor growth. On day 0, 
Ul 18MG cells (6 x 10 6 /0.1 mL culture medium) were injected 
subcutaneously into the right flank of each mouse. Each treat- 
ment group consisted of four or five animals. Mice were exam- 
ined every 2-3 days. Palpable tumors with tumor volume larger 
than 0.15 cm 3 were treated by intratumoral injection. Twenty 
micrograms of DTAT diluted in 50 pL of PBS was injected 
every other day. Five such treatments were given to each mouse. 
DTAT was injected from three different directions by using a 
0.5-cc insulin syringe with a 28-gauge needle over a period of 
approximately 1 minute. Control mice received an irrelevant 
FP DT-h-IL-2 (FP containing DT and human IL-2) or PBS in- 
jections. Tumor size was measured by caliper every 2-3 days. 
The approximate tumor volume was calculated as a product of 
length, width, and height. 

Histology 

A group of normal C57BL/6 mice without tumors were 
treated in the same manner as in the nude mouse experiment. At 
the end of the treatment, the mice were sacrificed and autopsied 
and their tissues were taken for histopathologic analysis as de- 
scribed (28). All samples were imbedded in OCT compound 
(Miles Laboratories, Elkhart, IN), snap frozen in liquid nitrogen, 
and stored at -80 °C until sectioned. Four serial sections (4 p,m 
thick) were cut, thaw-mounted onto glass slides, and fixed for 
5 minutes in acetone. Slides were stained with hematoxylin and 
eosin (H & E) for histopathologic assessment. 

Blood Urea Nitrogen (BUN) and Alanine Aminotransferase 
(ALT) Assays 

Both assays were performed as previously described (29) on 
Kodak EKTACHEM clinical chemistry slides (Eastman Kodak, 
Rochester, NY) on a Kodak EKTACHEM 950 by the Faiirview 
University Medical Center-University Campus (Minneapolis, 
MN). C57BL/6 mice were randomly grouped (n = 5) and in- 
jected with DTAT, PBS (no FP), or a control DTanti-CD3sFv 
fusion toxin. DTanti-CD3sFv has been previously shown to 
cause organ toxicity. On the day immediately following the last 
injection, mice were sacrificed and bled. Individual serum 
samples collected by bleeding the heart were studied for BUN 
and ALT. Minimum specimen volume was 11 pL for each as- 
say. The BUN assay was read spectrophotometrically at 670 nm. 
In the ALT assay, the oxidation of NADH was used to measure 
ALT activity at 340 nm. 

Statistical Analysis and Reproducibility 

Groupwise comparisons of continuous data were made by 
Student's t test. In vitro experiments were repeated at least twice, 
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and in vivo experiments were repeated at least once. All statis- 
tical tests were two-sided. 

Results 

Purity of DTAT 

To assess the purity of fractions containing DTAT collected 
from our chromatography procedure, SDS-PAGE analysis was 
performed. SDS-PAGE analysis indicated that the purification 
schema resulted in a purity exceeding 95% for DTAT and the 
isoelectric point of DTAT was estimated to be 6.1. Control FPs, 
including DT-IL-13, were prepared and tested for purity in a 
similar manner. 

DT-IL-13 and Killing of Glioblastoma Cell Lines 

To determine whether DT-IL-13 would kill human glioblas- 
toma cells, DT-IL-13 was tested in a tritiated thymidine incor- 
poration assay. A different report from our group (10) has pre- 
viously addressed the high selectivity and potency of DT-IL-13. 
Although DT-IL-13 in picomolar concentrations killed some 
glioblastoma cell lines (Fig. 2, A and B), others were not af- 
fected. Fig. 2, B, shows that DT-IL-13 inhibited the U373MG 
glioblastoma line (IC 5() <0.01 nanomoles). In contrast, another 
glioblastoma cell line, U87MG, was inhibited only 45% when 
treated with a 1000-fold higher (10 nM) concentration of the 
agent. A third glioblastoma cell line, T98G, was not inhibited at 
all. These findings appear to be related to the IL-13R expression 
of U373MG (16400 binding sites/cell) and T98G (549 binding 
sites/cell) which have been previously reported (30); expression 
of IL-13 receptors in the U87MG cell line is not known. In other 
words, higher receptor numbers are associated with greater kill- 
ing levels. 

Comparison of Cytotoxicities of DTAT and DT-IL-13 

Because uPAR is overexpressed on certain cancer cells, it 
was important to determine the ability of DTAT to kill glioblas- 



toma and to discover whether it could kill certain glioblastomas 
that were not eliminated by DT-IL-13. In our hands, Ul 18MG 
cells were not inhibited well by DT-IL-13 treatment. Fig. 2, A, 
shows that despite treatment with 10 nM DT-IL-13, roughly 
27% of the proliferative activity was still evident at 48 hours, 
compared with that of the control cultures. This is in contrast to 
the U373MG cell line in Fig. 2, B, in which even 0.1 nM kills 
more than 95% (<5% proliferative activity compared with con- 
trol cultures was evident) in 72 hours. In comparison, Fig. 2, A, 
shows that at 72 hours, 10 nM DTAT inhibited statistically sig- 
nificantly (P = .005) more (94%) of the U 1 1 8MG cells than did 
10 nM DT-IL-13. These findings indicated that in vitro, DTAT 
inhibited the Ul 18MG glioblastoma better than did DT-IL-13. 
These differences were obvious even at 48 hours (P<.001). 

DTAT Selectivity In Vitro 

To study the selectivity of DTAT, it was first tested against 
various cell lines such as the B cell line Daudi and breast cancer 
line SKBR3 that do not express uPAR. Fig. 3, A, shows that 
growth of U87MG was inhibited by DTAT (IC 50 <1 nM). In 
contrast, the growth of Daudi and SKBR3 cells was not inhib- 
ited. The growth of the murine neuroblastoma cell line Neuro-2a 
was slightly inhibited at the highest concentration (10 nM). To 
further study selectivity in a different experiment, UI18MG 
cells were treated with an irrelevent FP control (Fig. 3, B). 
DT-m-IL-4 was used as a negative control, because mouse IL-4 
is species-restricted and does not bind to human cells. Whereas 
DTAT inhibited U118MG cells (Fig. 2, A), DT-m-IL-4 had no 
effect. Fig. 3, A and B, indicates that DTAT is highly selective 
in its ability to kill uPAR-expressing cells. 

To determine whether exposure of DTAT to its target for 
longer periods would heighten its ability to kill, DTAT was 
incubated with its Ul 18MG target for periods of 24, 48, and 72 
hours. Dose-response studies revealed that the maximum level 
of cytotoxicity was obtained after 48 hours (data not shown). A 
longer exposure of 72 hours did not enhance the cytotoxicity. 



Fig. 2. A) Activity of DTAT 



(diphtheria toxin [DT]-amino 
terminal [AT] fragment of 
urokinase-type plasminogen ac- 
tivator [uPA]) and rjTr 3y0 IL13 
(DTILI 3) against the U118MG 
human glioblastoma cell line. 
Cells were cultured with the 
fusion protein (FP) for 48 
hours (left panel) or 72 hours 
(right panel), and incorpora- 
tion of tritiated thymidine was 
then assayed. Data are ex- 
pressed as percem control re- 
sponse versus concentration 
in nanomoles (nAf). Control 
counts per minute (cpm) val- 
ues (mean + 1 standard devia- 




tion [SD]) for U118MG [ 

(without treatment) were 

9893 ± 343 after 48 hours and 13 151 ±859 cpm after 72 hours. Each bar on the graph represents the mean of triplicate samples, and the error bars represent the 
upper limit of the 95% confidence intervals (CIs). The proliferation of cells treated with 10 mM DTAT was statistically significantly inhibited in comparison with 
that in cells given 10 mAf DTIL 1 3 at 48 hours (PcOOl ) and at 72 hours (P = .005). B) Activity of DT 3yo amino acid segment fused with interleukin 13 (DT 390 IL 1 3) 
against the human glioblastoma cell lines U87MG, T98G, and U373MG. Glioblastoma cells were cultured with FP and after 72 hours, tritiated thymidine 
incorporation was assayed as a measure of tumor cell proliferation. Data are expressed as a percentage of control response, where the controls are not treated with 
FP. Control (cpm + I SD) values for U87MG, T98G, and U373MG were 40481 ± 2792, 90384 ± 1771, and 37 834 ± 2005, respectively. Data are expressed as a per- 
centage of average control response versus concentration of FPs in nanomoles {nM). Each point on the graph represents the mean of triplicate readings + 95% CI. 

600 ARTICLES Journal of the National Cancer Institute, Vol. 94, No. 8, April 17, 2002 



Material may be protected by copyright law (Trtle 17, U.S. Code) 



B 



DTAT 




Irr levant c ntr I 



Fig. 3. A) Activity of DTAT (diph- 
theria toxin IDTJ-amino terminal 
{AT] fragment of urokinase-type 
plasminogen activator [uPA]) 
against various cell lines: U87MG 
(human glioblastoma line), Neuro- 
2a (murine neuroblastoma line). 
Daudi (derived from human Bur- 
kitt's lymphoma), and SKBR3 (hu- 
man mammary gland adenocarci- 
noma line). Cells were cultured 
with fusion protein (FP) and, after 
72 hours, incorporation of tritiated 
thymidine was assayed. Data are 
expressed as a percentage of control 
response. Control counts per minute 
(cpm) values (± 1 standard devia- 
tion ISD]) for U87MG, Neuro-2a, 
Daudi, and SKBR3 cells were 
35 162 ± 1104, 1644S ± 1116, 
15 529 ± 2691, and 99 320 ± 6452, 
respectively. Each point on the 
graph represents the mean of tripli- 
cate readings ± 95% confidence in- 
tervals. B) Activity of irrelevant 

control FP DTmIL4 (DT-mouse interleukin 4) against UU8MG cells. Cells were cultured with FP and tritiated thymidine incorporation was assayed after 72 hours. 
Control value (cpm ± 1 SD) for U118MG was 9928 ± 553. 




We concluded that a near maximum level of killing was reached 
after 48 hours of exposure to DTAT (data not shown). 

Ability of DTAT to Kill Endothelial Cells 

As mentioned earlier, the ability of DTAT to bind to the 
tumor and its microvascuiature could provide a therapeutic ad- 
vantage because tumor growth is dependent on a thriving vas- 
culature. To measure the binding ability of DTAT, DTAT was 
incubated with human HUVEC in vitro. Fig. 4, A, shows that 



DTAT was able to inhibit the proliferation of HUVEC in a 
dose-dependent manner with an IC 50 of approximately 2 nM In 
contrast, a number of control FPs (binding those receptors not 
found on HUVECs, including mouse IL-4 receptor [m-IL-4R], 
human IL-2 receptor fh-IL-2R|, human IL-13 receptor [h-IL- 
1 3R], or mouse IL-3 receptor [m-IL-3R]) were not inhibitory. 

To determine whether the activity of DTAT on HUVECs was 
mediated by the ATF, polyclonal anti-urokinase antibody was 
pre-incubated with DTAT before adding to cultured HUVECs 
(Fig. 4, B). Anti-urokinase blocked the inhibition by 1 and 10 



Fig. 4. A) Activity of DTAT (diph- 
theria toxin [DTj-amino terminal 
[AT] fragment of urokinase-type 
plasminogen activator (uPAl) and 
various control fusion proteins 
(FPs) against human umbilical vein 
endothelial cells (HUVEC). HUVEC 
were cultured with FP and, after 
72 hours, incorporation of tritiated 
thymidine was assayed as a mea- 
sure of tumor cell proliferation. 
Data are expressed as percent con- 
trol response, where the controls are 
not treated with FP. Control count 
per minute (cpm) ± 1 standard de- 
viation (SD) for HUVEC was 
87969 ± 7798. B) Ability of anti- 
urokinase antibody to block the 
binding of DTAT to HUVEC. Cells 
were cultured with DTAT for 72 
hours in the presence or absence of 
monoclonal or polyclonal anti- 
urokinase antibody or control anti- 
mouse interleukin 4 (mIL4) anti- 
body. Then, tritiated thymidine 
incorporation was assayed. Control 
cpm ± 1 SD value for HUVHC was 
47 620 ±907. 
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nM DTAT. A control anti-mouse IL-4 antibody (1 1B1 1) had no 
effect on DTAT activity. 

Together, these data show that DTAT selectively kills endo- 
thelial cells in vitro through its ability to bind uPAR. 

In Vivo Anti-Tumor Activity of DTAT Measured Against 
U118MG Cell-Induced Tumors in Nude Mice 

To determine the effectiveness of DTAT, we established a 
nude mouse model of human glioblastoma. U118MG tumor 
cells were inoculated into nude mice. When the tumor had es- 
tablished on day 30, mice were given a course of DTAT. Fig. 5, 
A, shows that in a group of five mice, tumors that had reached 
the size of 0.2 cm 3 all regressed following a 5-dose course of 
DTAT with 20 mg/day given every other day. In contrast, tu- 
mors in groups of mice treated with control DT-h-IL-2 and PBS 
did not regress over the study period. Tumors in these groups 
continued to increase in size. There was a statistically significant 
difference (P = .05) in tumor growth curves on day 48 when 
the DTAT group was compared with the control groups. Also, 
DT-1L-13 did not inhibit the growth of U118MG-induced tu- 
mors in vivo. Thus, in vitro findings were similar to the in vivo 
results. These results also supports the idea that DTAT might be 
a useful treatment of tumors that are not effectively treated with 
DT-IL-13. 

Fig. 5, B, shows the tumor growth curves of each of the 
individual mice in the DTAT group. The rumors steadily dimin- 
ish in size following DTAT treatment. Only one of the tumors 
did not entirely regress by day 65. These in vivo findings were 
reproduced in another experiment, again with five mice in each 
experimental group. 

Effects of DTAT on Body Organs 

To study the toxic effects of the tumor treatment dose of 
DTAT, C57BU6 mice without tumors were given the same 



5-dose course of DTAT with 20 mg/day given every other day 
by subcutaneous treatment as the tumor-bearing nude mice and 
then studied the day following the last injection. Frozen tissue 
sections were stained with H & E and examined microscopi- 
cally. Functional assays were performed on serum. Kidney 
tissue appeared unaffected by DTAT treatment with the 
exception of some minor neutrophil infiltration. Fig. 6, A, 
shows that glomeruli appeared healthy. These studies were 
particularly important because similar doses of FP in other 
studies (28) have induced glomerular destruction, rupture of 
renal tubules, and proximal tubular vacuolization. Liver ef- 
fects were studied in the same group of mice (Fig. 6, B). Ex- 
amination of tissues revealed a few areas of infiltration of pe- 
ripheral mononuclear cells and neutrophils. Otherwise, tissues 
appeared relatively unaffected by treatment. Fig. 6, B (inset), 
shows that DTAT had no effect on heart; it also had no effect 
on the spleen (not shown). Minor neutrophil infiltration was 
observed in the lung compared with normal controls (not 
shown). 

Functional analysis of tissue revealed a statistically signifi- 
cant (P = .046), albeit non-life-threatening, elevation in ALT 
level in serum (Fig. 7, A). Although these elevations were not 
indicative of liver failure and histology indicated that the liver 
was intact, it appeared that DTAT did affect the liver at this 
dose, 'to further study the effects of DTAT on kidney function, 
serum was analyzed from these same mice. Fig. 7, B, shows no 
significant fluctuations in BUN levels following DTAT treat- 
ment, indicating that treatment did not interfere with renal ac- 
tivity. As a positive control, a group of mice were treated with 
DTanti-CD3sFv, a fusion toxin that has been shown to mediate 
renal damage in past studies (28). This positive control caused a 
statistically significant (P - .033) elevation in BUN activity. 
Histology studies confirmed glomerular damage and tubular 
rhexis induced by DTanti-CD3sFv. 
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Fig. 5. DTAT (diphtheria toxin 
[DT)-amino terminal [ATJ frag- 
ment of urokinase-type plasmino- 
gen activator [uPA]) administered 
intratumorally inhibits the growth 
of established human U1I8MG tu- 
mors in nude mice. Ul 18MG tumor 
cells were administered subcutane- 
ously to nude mice (n = 5 per 
group). Five injections of 20 |xg/day 
DTAT in 50 u,L of phosphate- 
buffered saline (PBS) beginning on 
day 28 were given every other day 
over a period of 9 days. DTAT was 
injected from three different direc- 
tions by using a 0.5-cc insulin sy- 
ringe with a 28-gauge needle over a 
period of approximately 1 minute. 
A) Tumor size was monitored ap- 
proximately three times per week, 
and tumor volume (cm 3 ) was plot- 
ted versus time. Mice were treated 
with DTAT, DT-interleukin 13 
(DTIL13), DT-interieukin 2 (DTDL2), 
or PBS. For DTIL2 and DTILI3, 
five injections of 10 u,g/dose were 

given. Tumor growth was statistically significantly (P «■ .05) decreased in DTAT-treated mice as compared with PBS-treated control mice by Student's / test. Error ; 
bars represent ± the 95% confidence interval. B) Tumor growth curves for the five individual mice given DTAT (presented as a group average in Fig. 5, A). 
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Fig. 6. Histologic study of kidney (A), liver (B), and heart (B, inset) from DTAT 
(diphtheria toxin [DTl-amino terminal [AT J fragment of urokinase-type plas- 
minogen activator fuPAJ)-treated mice. A group of normal C57BL/6 mice with- 
out tumor were treated in the same manner as the mice described in Fig. 5. Mice 
were given five 20-u,g/dose injections of DTAT subcutaneously. Organs were 
removed, sectioned, and stained with hematoxylin and eosin to visualize organ 
damage. Three animals per group were examined with identical results. 



Discussion 

An original contribution of these studies is the description of 
DTAT, a diphtheria-toxin-based FP directed against the uPAR 
overexpressed on glioblastoma cells. Previous studies by other 
investigators (11,31) have encouraged the development of new 
drugs targeting the uPAR, but we provide evidence for the first 



time that uPAR may serve as a valid target for FP-directed 
therapy against chemotherapy and radiation refractory glioblas- 
toma. An important element of these studies was the use of the 
nude mouse model to assess the effect of DTAT on glioblastoma 
independently of effects on the tumor neovasculature. DTAT, 
which is not species cross-reactive (32), inhibited the human 
glioblastoma Ul 18MG but could not be used to assess the anti- 
endothelial cell effects because tumor vasculature was derived 
from the mouse, not from humans. Still, it appears that DTAT, 
even without the help of an antivascular effect, is delivering 
potent therapy and killing glioblastoma tumors in this model. 
This is also the first time that attachment of the catalytic domain 
of DT and its translocation-enhancing region has been used to 
enhance the ability of ATF to internalize and serve as a potent 
and selective IT. Clearly, these findings raise some important 
questions regarding the deployment of this agent for clinical use. 

Interestingly, intratumoral administration of DTAT caused 
the regression of tumors, even after dosing was discontinued. 
Ramakrishnan et aL (18) reported that an immunotoxin made by 
chemically conjugating vascular endothelial growth factor 
(VEGF) to truncated diphtheria toxin successfully inhibited the 
growth of subcutaneous tumors in nude mice. In these studies, 
tumor growth in the treated group was delayed as a consequence 
of the VEGF FP treatment. When treatment was stopped, the 
tumor immediately began to grow. This difference may be due to 
the intratumoral route of administration of DTAT as compared 
with systemic delivery in their study. Less than 0.001% of a 
systemically administered biologic agent (such as an FP) dis- 
tributes to the tumor (5). Thus, direct intratumoral therapy of 
glioblastoma, with an agent that binds both tumor and vascula- 
ture, may be an advantage in treating glioblastoma that seldom 
leaves the cranium. However, there could be other explanations 
for the differences, including the fact that two different model 
systems were used or that the two different FPs may be inter- 
nalized differently. 

Enzyme studies revealed that the dose of DTAT (5 doses x 
20 jjig/dose) that caused tumor regression had some effect on the 
liver but not on other organs of normal mice. It is possible that 
further elevations in dosage might be prohibitive. However, our 



Kg. 7. C57BL/6 mice were randomly grouped (n - 5) and in- 
jected with DTAT (diphtheria toxin [DT]-amino terminal [AT] 
fragment of urokinase-type plasminogen activator [uPA]), phos- 
phate-buffered saline (PBS), or a control DTanti-CD3sFv fusion 
toxin. DTanti-CD3sFv has been previously shown to cause organ 
toxicity. On the day immediately following the last injection, mice 
were bled, and individual serum samples were studied for alanine 
aminotransferase (ALT) (panel A) and blood urea nitrogen 
(BUN) (panel B). Data were averaged. Groupwise comparisons 
were performed with Student's t test. The elevation in ALT in the 
DTAT-treated group in panel A (P = .046) and the elevation in 
BUN in the DTanti-CD3sFv-treated group in panel B (P = .033) 
were statistically significant as compared with PBS controls. U/L 
= units/liter; mg/dL = milligram/deciliter. 
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toxicity studies were performed in a different mode] by giving 
normal mice without tumors subcutaneous injections. Thus, 
higher doses of DTAT may be tolerated in tumor-bearing mice 
because the tumor combined with its extensive vascular network 
could provide an expansive "antigenic sink" that absorbs in- 
jected DTAT and limits the amount that would leave thfc tumor 
and traffic to nontarget sites such as liver and kidney. In fact, we 
have recently found (Vallera DA, Buchsbaum DJ: unpublished 
data) that radiolabeled FP was remarkably localized in the tumor 
over time when FP was administered intratumorally. Twenty- 
four hours after administration, 12% of the injected dose/gram 
(ID/g) was found in glioblastoma, whereas less than 1% was 
found in kidney and none was found in the blood. In mice 
without tumor, the absence of tumor and this antigenic sink may 
put more toxic stress on the liver, which would explain our ALT 
elevations. Interestingly, we already have preliminary evidence 
that this may be the case, because mice with large (>6 cm 3 ) 
subcutaneous tumors tolerated a 100 ftg/dose course of DTAT, 
and the tumor underwent a 50% reduction in size. All together, 
this also indicates a reasonable therapeutic window that makes 
DTAT attractive for therapeutic use. 

The difference in renal toxicity and liver toxicity of DTanti- 
CD3sFv and DTAT is difficult to explain. We do know that 
dimerizing DTanti-CD3sFv prevents the renal toxicity by pre- 
venting its filtration into the kidney (27). Size cannot be the only 
issue because DTAT is smaller than monomelic DTanti-CD3sFv 
but is not as toxic to the kidney. Since DTAT is not reactive with 
murine uPAR, DTAT toxicity is not likely to be attributed to 
specific activity. Since DTanti-CD3sFv is reactive with murine 
T cells, it is possible that when it is filtered into the kidney, 
DTanti-CD3sFv targets itinerant T cells. Perhaps, their destruc- 
tion in the kidney promotes damage. It is also possible that 
because the DT moiety is identical in the two agents, toxicity 
differences are somehow attributable to physical differences 
in the ligand moiety of the molecules. Other DT-containing 
FPs directed to different cell surface determinants, such as CD25 
and the granulocyte-macrophage colony-stimulating factor 
(GM-CSF) receptor, have exhibited renal and liver toxicity in 
rodents and in humans (33,34). 

Future studies will emphasize toxicity in normal brain. Be- 
cause DTAT cross-reacts with certain primate species (35), it 
could be tested in normal monkey brain. However, tumor cannot 
be grown in monkeys, and the presence of tumor may affect the 
outcome of DTAT administration. A better model might be a 
syngeneic mouse model in which we could intracranially im- 
plant mouse glioblastoma. Because mouse and human DTAT are 
not cross-reactive, we would assemble and purify murine 
DTAT. Unlike our current nude mouse model, murine DTAT 
could be injected into the brain of mice with syngeneic tumor 
and would bind to both tumor and its neovasculature. 

Why would we expect that DTAT would kill endothelial cells 
in tumor vasculature and spare normal endothelial cells? First, 
DTAT may be selective for the rapidly expanding tumor endo- 
thelium as compared with normal endothelium. Thus, uPAR 
expression may be differentially high in the proliferating endo- 
thelium of the tumor neovasculature, although uPAR has not 
been convincingly demonstrated to be a proliferation-associated 
marker. Second, alteration in the endocytic/processing pathway 
of internalized cytotoxic conjugate has been observed and sug- 
gested as the mechanism to account for the differential sensitiv- 
ity of endothelial cells to VEGF-toxin conjugates (36). The 



same could be true for the intracellular processing of DTAT, 
which has not yet been studied. Third, immunohistochemical 
studies revealed that uPAR is mostly expressed in tissues un- 
dergoing extensive remodeling, e.g., in trophoblast cells in the 
placenta, in keratinocytes at the edge of incisional wounds, and 
in cells of primary tumor and metastasis (37). Perhaps the more 
quiescent normal endothelium is not as readily affected by treat- 
ment. 

The literature supports DL-13R and IL-4R, which share re- 
ceptor components (8), as useful targets for immunotoxin 
therapy in brain tumors (9,30,38,39). However, DTAT was de- 
veloped as an alternative for tumors that fail to respond to 
DT-IL-13 treatment. On the basts of the literature (30), IL-13R 
is also highly expressed on some brain tumors but minimally 
expressed on others; thus, IL-13-FP may show promise in cer- 
tain instances. However, GBM is heterogeneous and some glio- 
blastomas may not respond to DT-IL-13 either because they 
don't express EL-13R or because it is not expressed in high 
enough density. DTAT represents a useful alternative therapy 
for these tumors. With two different FPs, it may also be possible 
to use combination therapy because some tumors may simulta- 
neously express both receptors. In this instance, combinations of 
FPs may bind higher numbers of receptors on the cell surface. 
Presumably more toxin will be internalized. We have previously 
reported that kinetics of cell kill was far greater with FP com- 
binations than kinetics observed with individual FP (40). More 
recently, the Vitetta group (41) observed that anti-CD 19 and 
anti-CD22 IT are more effective against patient-derived B-acute 
lymphoblastic leukemia cells and found the combination to be 
more effective than the individual FP. Combination studies are 
under way. 

Why did we target uPAR? Several tumor cell lines overex- 
press uPAR, including breast cancer (12,13), melanoma (14), 
colon cancer (15), and prostate carcinoma cells (16), and the 
literature describing its expression on glioblastoma is extensive 
(11). Others have targeted uPAR with FP (20,42). To simplify 
our approach, we cloned the ATF of uPA. This molecule 
binds to uPAR-expressing cells (19). However, the ATF domain 
completely lacks the catalytic domain of uPA but possesses an 
EGF-like domain that comprises the receptor binding sequence 
of human uPA. Therefore, ATF can target ceil surface molecules 
ofuPAR. 

Glioblastoma therapy affords the advantage of local delivery, 
and clinical responses for FP therapy for this disease have ex- 
ceeded responses for FP in any other disease. Response rates in 
excess of 50% have been reported (7). In the first GBM FP phase 
1 clinical study, Youle's group at the National Institutes of 
Health (NIH) (43) evaluated the toxicity of an FP consisting of 
transferrin as a ligand linked to a mutated form of diphtheria 
toxin called CRM 107. A trial was conducted with regional 
therapy of Tf-CRM107 in 18 patients. At least a 50% decrease 
in tumor volume occurred in nine of 15 assessable patients. 
Reduction occurred no earlier than a month after completion of 
the first Tf-CRM107 infusion, and the response did not peak in 
four patients until 6-14 months after the first treatment. The 
median survival after treatment in the group of nine respondent 
who had malignant glioblastomas was 74 weeks (three were still 
alive at 102-142 weeks after the first treatment compared with 
36 weeks for the nonresponders). These findings are impressive 
and dramatic for a disease that is extremely difficult to treat. 
Similar results have been reported for leptomeningeal carcino- 
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matosis (44). Rand et al. (38) have investigated the safety and 
activity of directly infusing an IL-4-FP made by linking circu- 
larly permuted IL-4 and truncated Pseudomonas toxin, also with 
promising results. 

In summary, DTAT is highly selective and causes the regres- 
sion of human glioblastoma in a mouse model without Undue 
toxicity. Because it is different from other brain tumor targeting 
agents in its ability to directly target glioblastoma while simul- 
taneously targeting the vasculature, it should be pursued as a 
useful alternative for treatment of chemotherapy-resistant and 
radiation-resistant glioblastomas. Studies in the nude mouse 
have been informative but are somewhat limited, because human 
DTAT is not species cross-reactive. Thus, the effect of DTAT on 
tumor can be assessed but not its reactivity on tumor microvas- 
culature derived from the mouse. The construction of a DTAT 
homologue that is reactive with mouse endothelial cells is cur- 
rently under way. 
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Endogenous Sex Hormones and Breast Cancer in 
Postmenopausal Women: Reanalysis of 
Nine Prospective Studies 

The Endogenous Hormones and Breast Cancer Collaborative Group 



Background: Reproductive and hormonal factors are in- 
volved in the etiology of breast cancer, but there are only a 
few prospective studies on endogenous sex hormone levels 
and breast cancer risk. We reanalyzed the worldwide data 
from prospective studies to examine the relationship be- 
tween the levels of endogenous sex hormones and breast 
cancer risk in postmenopausal women. Methods: We ana- 
lyzed the individual data from nine prospective studies on 
663 women who developed breast cancer and 1765 women 
who did not. None of the women was taking exogenous sex 
hormones when their blood was collected to determine hor- 
m ne levels. The relative risks (RRs) for breast cancer as- 
sociated with increasing hormone concentrations were esti- 
mated by conditional logistic regression on case-control sets 
matched within each study. Linear trends and heterogeneity 
f RRs were assessed by two-sided tests or chi-square tests, 
as appropriate. Results: The risk for breast cancer increased 
statistically significantly with increasing concentrations of 
all sex hormones examined: total estradiol, free estradiol, 
n n-sex hormone-binding globulin (SHBG)-bound estradiol 
(which comprises free and albumin-bound estradiol), es- 
trone, estr ne sulfate, androstenedi ne, dehydroepiandros- 
ter ne, dehydroepiandroster ne sulfate, and testosterone. 
The RRs f r women with increasing quintiles f estradiol 
concentrati ns, relative t the I west quintile, were 1.42 
(95% confidence interval [CI] = 1.04 to 1.95), 1.21 (95% CI 
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= 0.89 to 1.66), 1.80 (95% CI = 133 to 2.43), and 2.00 (95% 
CI = 1.47 to 2.71; P trend <M\); the RRs for women with 
increasing quintiles of free estradiol were 138 (95% CI = 
0.94 to 2.03), 1.84 (95% CI = 1.24 to 2.74), 2.24 (95% CI = 
1.53 to 3.27), and 2.58 (95% CI = 1.76 to 3.78; P tpend <.001). 
The magnitudes of risk associated with the other estrogens 
and with the androgens were similar. SHBG was associated 
with a decrease in breast cancer risk (P tnnd = .041). The 
increases in risk associated with increased levels of all sex 
hormones remained after subjects who were diagnosed with 
breast cancer within 2 years of blood collection were ex- 
cluded from the analysis. Conclusion: Levels of endogenous 
sex hormones are strongly associated with breast cancer risk in 
postmenopausal women. [J Natl Cancer Inst 2002;94:606-16] 



Breast cancer risk is partially determined by several hor- 
mone-related factors, such as age at menarche, parity, and age at 
menopause, and it has long been hypothesized that high levels of 
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Contribution of plasminogen activator urokinase 
to in vitro cytotoxicity of diphtheria toxin 

* C. Guidi-Rontani <*> 

Unite des Toxines microbiennes, CNRS URA 18580, Institut Pasteur, 75724 Paris 



SUMMARY 

Nicking of diphtheria toxin (DT), i.e. proteolytic cleavage at an arginine-rich region 
within the first disulphide loop, is a prerequisite to the intoxication process. We show 
that protease(s) required in this process was synthesized and secreted by the sensitive 
cells and that antibodies against plasminogen activator urokinase (uPA) decreased the 
in vitro cytotoxicity of DT on Vero cells. Our results demonstrate that uPA secreted by 
Vero cells cultured in vitro is one of the cellular proteases involved in the cleavage and 
activation of diphtheria toxin. 

Key-words: Toxin, Corynebacterium diphtheriae, Urokinase; Plasminogen activator, 
Cytotoxicity. 



INTRODUCTION 

Diphtheria toxin (DT) is a 58.342-kDa protein 
synthesized as a single polypeptide and secreted 
extracellularly as a 535-amino-acid-residue poly- 
peptide, a proenzyme, by Corynebacterium diph- 
theriae (Collier and Kandel, 1971; Drazin et al. y 
1971; Gill and Dinius, 1971; Greenfield et al. y 
1983) lysogenic for bacteriophage B tox + (Free- 
man, 1951). The crystal structure at 2.5 A resolu- 
tion revealed a three-structural domain molecule 
(Choe et al y 1992). The protein is toxic to most 
eucaryotic cells and species (rats and mice are 
insensitive) and the effect of the toxin on cells is 
to inhibit protein synthesis (Brown and Bradley, 
1979). The intoxication process consists of the 
following (Collier, 1975; Pappenheimer, 1977): 
(i) binding to a cell surface membrane protein 



Submitted March 22, 1996, accepted April 24, 1996. 
(*) Present address: Laboratoire de G6n6tique moleculaire des 



representing the precursor of a heparin-binding 
epidermal growth factor(EGF)-like growth factor 
(Naglich et ah, 1992); (ii) receptor-mediated 
endocytosis and intracellular transport; (iii) trans- 
location of the enzymatically active components 
(A fragment) of the toxin into the cytosol; and 
(iv), once in the cytoplasm, enzymatic catalysis 
by the A fragment of the transfer of the ADP- 
ribosyl moiety of NAD + to a unique posttransla- 
tionally modified histidine residue, diphthamide 
(2-(3-carboxyamido-3-(trimethylammonio)pro- 
pyl)histidine) (VanNess et a/., 1980), within elon- 
gation factor 2 (Collier, 1967), inactivating the 
factor, thereby arresting protein synthesis and 
consequently causing cell death. 

It has been shown that diphtheria toxin, as a 
single polypeptide chain, is fully cytotoxic but 
lacks ADP-ribosyltransferase activity in vitro. For 
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in vitro enzymic activity, intact DT must undergo 
two covalent alterations in structure: mild treat- 
ment of the toxin with proteolytic enzymes such 
as trypsin (this form of toxin is termed "nicked" 
toxin (Drazin et aL, 1971)), followed by reduction 
with thiols. Nicked toxin is split into two large 
peptides linked by a disulphide bond (Collier and 
Kandel, 1971); these have been designated as A 
fragment (Mr 21,167) and B fragment (Mr 
37,199). This proteolytic action occurs within an 
arginine-rich sequence (190-194) that is sub- 
tended by a disulphide bond involving cysteine 
residues at position 186 and 201 about one third 
of the length of the molecule from the amino ter- 
minus. This A fragment, corresponding to the N- 
termirial position of the toxin (Uchida et aL, 
1973), catalyses the ADP ribosylation of mam- 
malian elongation factor 2 (Drazin et aL, 1971 ; 
Gill and Pappenheimer, 1971), whereas B frag- 
ment is involved in receptor binding to the precur- 
sor of a heparin-binding EGF-like growth factor. 

From the study of DT mutants altered in the 
interfragment region by site-directed mutagenesis 
(Ariansen et aL, 1993), the study of DT/IL2 fusions 
(Williams et aL, 1990) and the study of ricin 
A/protein A fusions carrying the DT loop (O'Hare 
et aL, 1990), it is clear that cleavage of intact DT 
in the 14-amino acid loop is important for cytotox- 
icity (Gordon and Leppla, 1994). The protease- 
sensitive region contains the amino acid sequence 
Arg-Val-Arg-Arg at residues 190-193. Thus, in 
vivo limited proteolysis of the intact DT molecule 
is an essential step in intoxication, and proteolysis 
would occur in vivo during the process of internal- 
ization of the toxin by cells. A major point of inter- 
est in the lethal action of toxins on cells is the pro- 
cess by which the enzymatically active protein 
undergoes transfer across membranes and is liber- 
ated into the cytosol. While studies demonstrated 
that DT underwent receptor-mediated endocytosis 
(Keen et aL, 1982) and required correct intracellu- 



lar routing, the exact process of activation of DT 
and the precise mechanism of the translocation 
step itself are still currently poorly understood. 
This process involved exposure to low pH (pH 
5.3) (Moskaug et aL, 1988), protease processing 
and disulphide bond activation (Draper and Simon, 
1980; Sandvig and Olsnes, 1980). Acidic pH 
within early acidic endosomes of sensitive cells 
triggers a conformational change in DT that is 
believed to cause the B fragment to be inserted 
into the vesicular membrane and the enzymic A 
fragment of cleaved DT to be released into the 
cytosol. In the present work, we have addressed 
the question of the identity of protease(s) required 
for in vivo activation of diphtheria toxin. 



MATERIALS AND METHODS 



SDS-PAGE 

Proteins were analysed by sodium dodecyl sul- 
phate (SDS)/polyacrylamide gel electrophoresis 
(PAGE) as described by Laemmli (1970). Gels were 
stained with Coomassie brilliant blue R-250 (Fair- 
banks et aL, 1971). The molecular weight was esti- 
mated with standard protein markers as references. 



Zymographic analysis of proteinases 

This procedure was used to identify proteinase 
activity according to Heussen and Dowdle (1980). 
Proteases were analysed by 1 1 % polyacrylamide gels 
containing 0.1% (w/v) SDS cast with 0.1% (w/v) 
copolymerized gelatin and in the presence or absence 
of copolymerized plasminogen (15 ng ml) as sequen- 
tial substrates. The samples were loaded onto the gel 
without boiling or treatment with B-mercaptoethanol. 
After electrophoresis at 4°C at a constant current of 8 
mA, the gel was soaked in 2.5% (v/v) Triton-XlOO in 
water at room temperature for 1 h to remove SDS and 
to restore enzymic activity. Then the gel was trans- 
ferred to a bath containing 0.1 M glycine-NaOH pH 
8.3 and incubated at 37°C for 3 h. Finally, the gels 



DMEM = Dulbecco's minimal essential medium. 

DT s diphtheria toxin. 

EGF = epidermal growth factor. 

FCS = foetal calf serum. 

IL = interleukin. 

MW = molecular weight. 



PA = plasminogen activator. 

PBS = phosphate-buffered saline. 

TCA = trichloroacetic acid. 

uPA = PA urokinase. 

uPAR = uPA receptor. 
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were fixed and stained in 0.1 % (w/v) of amido black 
in methanol/acetic acid/water (30:10:60). 



Cells and cell cultures 

A Vero cell line (African green monkey kidney cell 
line) was maintained as monolayers and cultured in 
DMEM supplemented with 50 units penicillin/ml, 50 
|ig streptomycin ml and 1 mM L-glutamine with or 
without 2% (v/v) foetal calf serum (PCS) in an atmos- 
phere containing^ % C0 2 . B4, a human melanoma 
cell line, was maintained indefinitely under serum-free 
conditions (gift from Dr. E.L. Wilson, Dept. of Clini- 
cal Science and Immunology, University of Cape 
Town, Cape Town, South Africa) The day before use, 
the cells were seeded into 24-well disposable trays in 
the same medium at a density of approximately 50,000 
cells/well. The doubling time of the cells was 36 h. 



Cytotoxicity assay 

Toxicity assays were performed with Vero or B4 
in multi-well tissue culture plates. Medium was 
removed from cells growing in 24-well disposable 
trays, and 0.5 ml leucine-free medium, to which had 
been added 0.5 \iCi 3 H-leucine/ml or 1 \id 3 H- 
thymidine/ml, was added to each well. After 1 h at 
37 °C, the medium was removed and the cells were 
treated twice with cold 10% (w/v) trichloroacetic 
acid (+ 1 mg unlabelled leucine/ml), rinsed once with 
PBS and dissolved in 0.4 ml of 0.1 N NaOH at room 
temperature for 5 min. Incorporation of leucine or 
thymidine into TCA-precipitable material was deter- 
mined by liquid scintillation. 



RESULTS AND DISCUSSION 

Highly purified unnicked DT toxin was essen- 
tial for the realization of this study. In purified 
toxin preparations, the "nicked" toxin is found in 
variable proportions. Therefore, in order to obtain 
"totally" unnicked toxin, we carried out purifica- 
tion steps of DT preparation according to the 
method of Middlebrook and Leatherman (1982). 
The purified preparation of DT, composed of 99% 
pure but 75% unnicked protein, was treated with 
0.5 M guanidine hydrochloride and 0.1 M dithi- 
othreitol for 30 min at 25°C. The material was 
dialysed against Hanks' balanced salt solution. 
Under these conditions, the A and B fragments of 
the nicked toxin did not reassociate. The material 



obtained was gel-filtered by fast protein liquid 
chromatography on a "Superose-12" column 
(type HR 10/30, Pharmacia, Uppsala, Sweden). 
DT molecules were uncleaved, corresponding to 
the intact, native toxin. This method gave an 
extent of nicking estimated to be less than 5%. 

To assess an eventual contribution of exoge- 
nous protease(s) in the activation of DT, we first 
chose to test the cytotoxicity of intact DT on the 
most sensitive cell line, Vero, an African green 
monkey kidney cell line, in the presence or 
absence of serum. We tested the eventual contribu- 
tion of FCS in the cytotoxicity of unnicked DT by 
measuring the rate of protein synthesis in cultured 
cells. At a density of approximately 150,000 
cells/well, this cell line was washed with media to 
remove unattached cells and 0.5 ml/well fresh 
medium was added (DMEM supplemented with 
50 units penicillin/ml, 50 jig streptomycin/ml, 
1 mM L-glutamine with or without 2% (v/v) FCS 
serum) with unnicked DT (1CT 13 to 10"* M). After 
20 h, the medium was removed and protein syn- 
thesis was assessed with a 1-h pulse of 1 |LiCi of 
3 H-leucine/ml at 37°C in 0.5 ml of medium con- 
taining low level leucine (1/20, the concentration 
present in the original medium). All experiments 
described in this report were done in duplicate 
cells seeded in 24-well plates. Controls included 
the observation of the cells under phase-contrast 
light microscope. As can be seen in figure 1, cyto- 
toxic effects of unnicked DT with or without FCS 
were strikingly similar on Vero cells. ID 50 
occurred at a concentration of 5 x 10" 12 M 
unnicked DT toxin in both cases (ID 50 : the con- 
centration of toxin that inhibited protein synthesis 
by 50% relative to untreated control). In vitro, 
unnicked DT had a similar potency both in the 
absence and in the presence of FCS. On the other 
hand, a similar result was observed with B4, a 
human melanoma cell line, which can be main- 
tained indefinitely under serum-free conditions 
(data not shown). No detectable contribution of the 
serum could be observed in these experiments, 
allowing one to exclude a mandatory contribution 
of exogenous protease present in serum in the in 
vivo activation process of DT. This result provided 
a clear indication that host protease(s) required in 
the activation of DT must be synthesized by sensi- 
tive cells. 
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Fig. 1. Cytotoxicity of unnicked DT in the absence or presence of FCS. 

Increasing amounts of the unnicked DT were added to cultures of Vero cells in the absence or 
presence of 5% FCS. The results were expressed as percent of the control values. The 3 H-leucine 
incorporation of non-toxin-treated cells ranged from 10,000 to 19,000 cpm. 



Having determined that the protease(s) had to 
be produced by the sensitive cells, we investi- 
gated the nature of the protease that were 
involved in DT activation. To this end, well- 
characterized proteinase inhibitors such as anti- 
pain, leupeptin, chymostatin, pepstatin and elas- 
tatinal were tested for their eventual effect on 
the cytotoxicity induced by intact DT. These 
protease inhibitors were, respectively, capable of 
inhibiting a large number of eukaryotic pro- 
teases able to act through distinct catalytic 
mechanisms: serine proteinases (EC 3.4.21), 
cysteine proteinases (EC 3.4.22), aspartic protei- 
nases (EC 3.4.23) and elastase enzyme. It 
should be noted that the most apparent difficul- 
ties in using protease inhibitors in tissue culture 
result from their toxicity and instability. Indeed 
proteolytic mechanisms are vital for the cell; 
therefore, there is only a narrow margin between 
an effective and a toxic dose. For reproducible 
results, it is essential to use freshly made inhibi- 
tor solutions. Since it was observed that the 
effect of the protease inhibitors depends on the 
age and density of the cell cultures (Schnebli 



and Burger, 1972), we tested cytotoxicity on 
freshly seeded cells at low density. The cytotox- 
icity of unnicked DT was tested in the presence 
of antipain (50 Jlg/ml), leupeptin (50 ^g/ml), 
pepstatin (25 ^g/ml), chymostatin (25 H-g/ml) or 
elastatinal (50 |ig/ml). These concentrations 
were not toxic, as established by microscopic 
examinations with an inverted microscope and 
0.1%, w/v trypan blue exclusion. No signifi- 
cant morphological changes were observed in 
the cells treated with these inhibitors of pro- 
teases : cells were flatter than untreated cells, but 
they still overlapped and remained ^dherent. 
The effects of five protease inhibitors on the 
cytotoxicity of DT are shown in figure 2. Cul- 
tures of B4 in the presence of unnicked DT were 
virtually indistinguishable from inhibition of 
protein synthesis in the absence or presence of 
protease inhibitors (ID 50 = 7 x 1Q" 12 M). None 
of these protease inhibitors interfered with the 
cytotoxicity of DT. By using protease inhibitors, 
we uniformly failed to even partly inhibit the 
cytotoxicity of unnicked DT. This experiment 
strongly suggested that DT could be processed 
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Fig. 2. Cytotoxicity of unnicked DT in the presence of inhibitors of cellular proteases. 
Unnicked DTs were incubated with antipain (50 ^ig/ml), leupeptin (50 jig/ml), pepstatin 
(25 Hg/ml), chymostatin (25 ^g/ml) or elastatinal (50 Jig/ml). 



and thus activated via several different proteases 
to exert its intracellular toxic action. 

To pursue the exploration of cell-associated 
protease involved in the processing of DT, we 
investigated the eventual implication of a 
secreted serine endopeptidase, the plasminogen 
activator urokinase (uPA) (EC 3.4.21.73). Indeed, 
in agreement with Cieplak and Eidels (1987), we 
observed (figure 3) that the in vitro digestion of 
DT with urokinase gave two fragments corre- 
sponding to 21,167 and 37,199 daltons (respec- 
tively, to A and B fragments). This result under- 
lined the role of urokinase as a putative protein 
molecule involved in intoxication by DT. To 
ascertain whether the Vero cell line is a relatively 
good secretor of the proenzyme form of uroki- 
nase, we performed electrophoretic analysis of 
\ 10 \il serum-free Vero cell culture (conditioned 
\ culture medium) in polyacrylamide gels as 
f described in "Materials and Methods", in the 
| presence or absence of copolymerized plasmino- 
| gen (15 p.g/ml) as sequential substrates. This 
I experiment, in agreement with Heussen and 



Dowdle (1980), exploited the fact that the cata- 
lytic activity of urokinase was reversibly inhib- 
ited by SDS in the electrophoresis gel. As can be 
seen in figure 4, we detected five sharp clear fib- 
rinolysis bands. The enzymes released by cul- 
tured Vero cells showed three major bands of 
plasminogen-dependent proteolysis with a spec- 
trum of molecular weight. The two most promi- 
nent bands appeared as a closely spaced enzyme 
doublet with molecular weights of approximately 
60 and 58 kDa measured. These bands corre- 
sponded to the components of urokinase-type 
enzymes with a concentration > 1.5 IU/ml Vero 
cell harvest fluid assigned to the enzymes by 
interpolation from the standard urokinase. Our 
results demonstrated that uPA was secreted by 
Vero cells. 

In an attempt to shed light on a specific and 
active role of urokinase in the in vivo cleavage of 
DT, we first used neutralizing antibodies directed 
against urokinase, i.e. goat anti-uPA IgG (human 
LMW), purchased from DiaMed-France S.A., 
Paris, France. We tested anti-urokinase antibodies 
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Fig. 3. In vitro cleavage of highly purified DT by urokinase. 

Unnicked DTs (500 jig/ml) were incubated alone or 
with urokinase (3,750 IU/ml) in PBS at room temperature 
for 3 h ; 6 \lg of DT were denatured by boiling for 5 min 
in 150 mM NaCl, 2.7 mM KC1, 10 mM phosphate buffer 
pH 7.2 and analysed by SDS-PAGE in 1 1 % resolving 
gels with 5 % (v/v) of 2-mercaptoethanoL The gels were 
fixed and stained with Coomassie blue. Lane 1 = molecu- 
lar weights; lanes 2= unnicked DT treated with urokinase 
for 1 and 3 h, respectively; lanes 3= unnicked DT incuba- 
ted with PBS for 1 and 3 h, respectively. 



for their ability to antagonize cytotoxicity of 
unnicked DT in Vero cells. In this experiment, 
described in figure 5, we added a concentration 
of unnicked or nicked DT required to allow 50% 
inhibition of protein synthesis as a result of a 5-h 
exposure to toxin in the presence or absence of 
anti-urokinase antibodies. We measured cytotox- 




Fig. 4. Identification of plasminogen-dependent proteases 
in polyacrylamide containing gelatin and plasminogen. 

Serum-free Vero cell harvest fluid (10 in gels 
containing SDS-PAGE (11%), copolymerized gelatin 
(0.1%, w/v), without (lane 1) and with (lane 2) copoly- 
merized plasminogen (15 u,g/ml). 



icity by assaying the rate of protein synthesis and 
the rate of DNA synthesis in cultured cells. Inter- 
estingly, partial inhibition of the cytotoxicity of 
unnicked DT was recorded in the presence of 
anti-urokinase antibodies (fig. 5). Furthermore, 
anti-urokinase antibodies blocked the cytotoxicity 
of unnicked DT in a dose-dependent fashion. We 
defined the inhibitory activity (I) according to the 
following relation: (I) = (Ci-Ct)/(Co-Ct) x 100, 
where Co is the radioactivity (cpm) incorporated 
by cells without DT and without anti-urokinase 
antibodies, Ct is the count incorporated by cells 
with DT and without anti-urokinase antibodies, 
and Ci is the count incorporated by cells with 
both DT and anti-urokinase antibodies. We 
recorded a maximal inhibitor activity of anti- 
urokinase antibodies equal to 66 units in the pres- 
ence of unnicked DT, whereas inhibitor activity 
was less than 4 units in the presence of nicked 
DT under the assay conditions. In this experi- 
ment, anti-urokinase antibodies were effective 
inhibitors of unnicked DT. In contrast to 
unnicked DT, anti-urokinase antibodies had no 
effect on the cytotoxicity mediated by trypsin- 
treated DT. Thus, the protective effect of anti- 
urokinase antibodies was not due to indirect 
effects on the cells. These results demonstrated 
that urokinase is involved and is necessary for the 
cytotoxicity of DT. 

Taken together, these results confirmed the 
hypothesis advanced by Cieplak et al (1987, 
1988) of the possible participation of urokinase 
as an "activator" of DT in the intoxication pro- 
cess in cells such as Vero cells. Clearly, urokinase 
is a good candidate to efficiendy promote in vivo 
activation of DT, since: (i) urokinase is widely 
secreted by a variety of normal tissues showing 
sensitivity to DT and, (ii) urokinases surface- 
located (to its surface receptors, uPAR (Roldan et 
aU 1990), with a very high affinity (0.2 nM), 
thus allowing a high local concentration of the 
plasminogen activator (PA) close to the cells and 
avoiding dilution in body fluids. Recendy, Tsune- 
oka et al (1993) established that a membrane- 
associated, calcium-dependent serine endopro- 
tease with a subtilisin-like catalytic domain, furin 
(Molloy et al, 1994), plays a substantial role in 
the activation of DT (Tsuneoka et al, 1993). On 
the other hand, Gordon et al (1995), in disagree- 
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Fig. 5. Cytotoxicity of unnicked or nicked DT in the presence of anti-human low-MW uPA. 

Vero cells were cultured with DT (5xl0~ 12 M final) and increasing concentrations of anti- 
human low-MW uPA. Non-toxin-treated cells ranged from 9,500 to 11,000 cpm ( 3 H-leucine incor- 
poration) and 16,500 to 17,000 cpm ( 3 H-thymidine incorporation). Protein synthesis m the presence 
of nicked DT (□) or unnicked DT (■). DNA synthesis in the presence of unnicked DT (A). 



ment with Tsuneoka et al. (1993), showed that the 
sensitivity of furin-deficient cells to DT was 
reduced only slightly from that of wild-type cells. 
These studies provide evidence for the contribu- 
tion of at least one additional protease in the acti- 
I vation of DT. Furin is the major protease that 
contributes to the activation of DT and anthrax 
toxin PA (Klimpel et a/., 1992; Molloy et aU 
1992, 1994). Based on our experiments, we 
showed that urokinase contributed to the cytotox- 
j icity of DT on Vero cells and thus was involved 
j in the activation of DT However, anti-urokinase 
1 antibodies failed to totally protect Vero cells, sug- 
| gesting that urokinase was not sufficient for the 
\ full nicking of DT. Our results, taken together 
with the work cited, rule out assigning a func- 
[ tional role for the cleavage of DT to a unique pro- 



tease, in contrast to the case of Pseudomonas 
exotoxin A (Fryling et al, 1992). In view of these 
findings, it is tempting to speculate that the ulti- 
mate goal of DT activation, fully nicked, and 
therefore the sensitivity of a cell line to DT, 
would depend on the critical set of enzymatic 
equipment located in a structure to which toxin 
could be delivered and processed. The protease 
primarily responsible for cleavage of DT in this 
phenomenon might be different depending upon 
specific cell types and changing physiological sit- 
uations. With respect to the relevance of the in 
vivo protease contribution, one may question the 
extent to which results obtained with the in vitro 
cultured cells can give insight into the functional 
status of enzymes in vivo. In this view, we would 
like to underline that quantitative and qualitative 
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differences exist between normal and malignant 
cells in terms of rates of proteinase synthesis and 
release. Some enzymes are selectively secreted 
by malignant cells but not by their normal coun- 
terparts, suggesting that the oyerexpression of the 
uPA is one of the features of a number of immor- 
talized cell lines (Markus etal, 1983). Therefore, 
it remains possible that in vitro conditions of cell 
lines could amplify the contribution of these 
enzymes during DT intoxication. 
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Role de l'urokinase activatrice du plasminogene 
lors de la cytotoxicite in vitro 
de la toxine diphterique 

Une coupure de la toxine diphtenque (DT), dans 
une region riche en arginine au sein du premier pont 
disulfure, est indispensable pour le processus 
d' intoxication par la toxine. Nous montrons que la 
protease requise pour une telle prot^olyse est 
synth6tis£e et s6cr6t6e par les cellules sensibles. De 
plus, des anticorps dirig6s contre Turokinase dimi- 
nuent in vitro la cytotoxicit6 de la DT sur la lign£e 
cellulaire Vero. Nos resultats demontrent que l'uro- 
kinase s£cretee par les cellules Vero est une des 
proteases cellulaires impliquees dans la prot6olyse et 
I' activation de la toxine diphterique. 

Mots-cles: Toxine, Corynebacterium diphthe- 
riae, Urokinase ; Activatrice du plasminog&ne, 
Cytotoxicite. 
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The role of discrete domains of diphtheria toxin <DT) 
B chain in cytosol entry and cytotoxicity was investi- 
gated by linking a monoclonal antibody recognizing 
the human T cell-specific antigen T3 (UCHT1) to diph- 
theria toxin (UCHT1-DT), DT A subunit (UCHT1- 
DTA), or to a genetically engineered form of DT 
(UCHTl-MspSA) lacking the C-terminal 17-kDa por- 
tion of the B subunit. The N- terminal 21-kDa region 
of DT B chain increased toxicity of UCHT1-DTA 100- 
fold (UCHTl-MspSA) while addition of the C-terminal 
17-kDa region (UCHT1-DT) increased toxicity 100- 
fold more. The cytotoxicity was dependent upon anti- 
body binding as demonstrated by blocking toxicity 
with excess UCHT1. The differences in toxicity be- 
tween these reagents were not due to differences in 
ADP-ribosylation activity of DT A chain, binding ac- 
tivity of the antibody moiety, extent of DT nicking, or 
the cross-linking method, so we conclude that the large 
differences in toxicity were due to the presence of 
different B chain domains. The large increase in tox- 
icity by the C-terminal region of DT B did not appear 
to be caused by DT receptor binding. The lysosomo- 
tropic agent NBUC1 blocked the cytotoxic effect of DT, 
UCHT1-DT, and UCHTl-MspSA but not UCHT1- 
DTA. 



Diphtheria toxin (DT 1 ) is comprised of two disulfide-linked 
subunits; the 21,000-dalton A chain inhibits protein synthesis 
by catalyzing the ADP-ribosylation of elongation factor 2(1) 
and the 37,000-dalton B chain binds cell surface receptors (2). 
The cell surface-binding domain and the phosphate-binding 
site (3) are located within the carboxy I- terminal 8-kDa cyan- 
ogen bromide peptide of the B chain (4). Close to the C 
terminus region of DT B chain are several hydrophobic do- 
mains (Fig. 1 in Miniprint and Ref. 5) that can insert into 
membranes at low pH and appear to be important for DT 
entry (6-9). 

Antibodies directed against cell surface antigens have been 
linked to intact diphtheria toxin or its A subunit to selectively 
kill antigen-bearing target cells (10-12). Antibody toxin (im- 
munotoxins) or ligand toxin conjugates containing only the 

* The costs of publication of this article were defrayed in part by 
the payment of page charges. This article must therefore be hereby 
marked " advertisement 11 in accordance with 18 U.S.C. Section 1734 
solely to indicate this fact. 

§ Dr. M. Colombatti is on leave of absence from the Istituto di 
Scienze Immunotogiche, Universita di Verona, Italy. 

1 The abbreviations used are: DT, diphtheria toxin; EF-2, elonga- 
tion factor 2; Kd, kilodaltons; IT, immunotoxins; MBS, m-maleimi- 
dobenzoyl-N-hydroxysuccinimide ester; SPDP, N-succinimidyl-3-(2- 
pyridyldithio)-propionate; DTT, dithiothreitol; DTA, diphtheria A 
chain. 



DT A chain have relatively low cytotoxic activity (13, 14) 
while intact DT conjugates can be very potent (15, 16), but 
the two types of immunotoxin have never been compared in 
the same system in a sensitive species. Since the DT B chain 
appears to facilitate entry of DT A chain to the cytosol, it is 
possible that its presence in whole toxin conjugates renders 
them more potent although less specific. Efforts have been 
made to construct more potent and specific immunotoxins by 
separating the toxin B chain domains involved in cell binding 
from the domains involved in A chain entry (17-19). 

Recombinant DNA technology offers a powerful approach 
to improve immunotoxin efficacy at the gene level. Greenfield 
et ai (20) have cloned portions of DT and created a modified 
toxin (MspSA) which contains the N-terminal hydrophobic 
region of DT but lacks the C-terminal 17-kDa region and 
contains a new C-terminal cysteine for ease of linking to 
antibodies. 2 This fragment, like CRM 45 (2), lacks the cell 
surface-binding site of DT but includes most of the hydro- 
phobic region thought to facilitate membrane transport (Fig. 
1 and Ref. 5). 

We have examined the role of DT B chain domains in cell 
entry by comparing the activities of a T cell-specific monoclo- 
nal antibody, UCHT1, linked to DT A chain, MspSA, and 
intact DT containing the whole B chain. The N-terminal 
region of DT B chain increases antibody specific toxicity 100- 
fold, and the C-terminal region increases activity 100-fold 
more. 

EXPERIMENTAL PROCEDURES AND RESULTS 0 

Effect of Immunotoxin Treatment on Jurkat Leukemia 
Cells — We compared the toxicity of a monoclonal antibody, 
UCHT1, linked to three forms of diphtheria toxin which 
varied in the length of the diphtheria toxin B subunit sequence 
included. Antigen (T3) -positive human leukemia cells (Jur- 
kat) were incubated with the three immunotoxins, and the 
protein synthesis rate was determined. As seen in Fig. 2, 
UCHT1-DTA decreased the protein synthesis of treated cells 
to 50% of control at about 2 X 10" 8 M; UCHTl-MspSA 
inhibited protein synthesis 50% at about 3 X 10~ 10 M, and 
UCHT1-DT showed the highest cytotoxic activity, reducing 
the protein synthesis to 50% of control cultures at 3 X 10~ 32 

2 L. Greenfield, H. Dovey, and D. Nitecki, manuscript in prepara- 
tion. 

3 Portions of this paper (including "Experimental Procedures," part 
of "Results," and Figs. 1, 4-7) are presented in miniprint at the end 
of this paper. Miniprint is easily read with the aid of a standard 
magnifying glass. Full size photocopies are available from the Journal 
of Biological Chemistry, -9650 Rockville Pike, Bethesda, MD 20814. 
Request Document No. 85M-2526, cite the authors, and include a 
check or money order for $6.80 per set of photocopies. Full size 
photocopies are also included in the microfilm edition of the Journal 
that is available from Waverly Press. 
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Fig. 2. Effect of 23.5-h immuno toxin treatment on Jurkat 
target cells. One hundred thousand Jurkat cells/well (100 (A) were 
cultured for 23 h at 37 "C in the presence of the various reagents or 
control solutions. Cells were then pulsed for 1 h with [ u C]leucine. 

• UCHT1-DT; A A, UCHTl-MspSA; O O, UCHT1- 

DTA; ▲ DT; • UCHTl-DT + UCHTl (100 M g/ml); 

A — A, UCHTl-MspSA + UCHTl (100 jig/ml). 

M. UCHT1-DT was, therefore, about 100-fold more potent 
than UCHTl-MspSA and about 10,000-fold more potent than 
UCHTl-DTA in a 23.5-h assay. Free UCHTl blocked toxicity 
of UCHT1-DT and UCHTl-MspSA about 100- and 10-fold, 
respectively (Fig. 2), but did not affect the toxicity of native 
DT. Assays performed at 3.5 h showed an almost identical 
relationship of the three immunotoxins (Fig. 4, Miniprint) 
although they only killed cells at higher concentrations. 

The immunotoxin concentration was based on ADP-ribo- 
sylation activity; therefore, the toxins are exactly comparable 
in regard to A chain potency. The binding of immunotoxin 
was examined and is shown in the Miniprint not to account 
for the large differences in immunotoxin potency. The nature 
of the cross-link, both disulfide and thioether, is also shown 
in the Miniprint and revealed no differences in the above 
pattern of toxicity. Therefore, we conclude that the 100 -fold 
higher toxicity of UCHTl-MspSA over UCHT1-DTA is due 
to the activity of the N-terminal 15-kDa region of DTB while 
the 100-fold increase in toxicity of UCHT1-DT over UCHTl- 
MspSA is due to the activity of the C-terminal region of the 
DT B chain. 

Effect ofDT-binding Site Blockade on UCHT1-DT Cytotoxic 
Activity — We have demonstrated that the toxicity of UCHTl- 
DT is antibody mediated and that the C terminus region, 
which contains the DT surface-binding activity, is needed for 
high potency. In the following experiments we examined 
whether the binding of antibody-linked DT to cell surface 
receptors is required as a second step in the process of cell 
intoxication by antibody-DT immunotoxins. Assays were, 
therefore, performed in the presence of a mutant DT (CRM 
197 (21)) which binds DT receptors but is nontoxic due to a 
single amino acid substitution at position 52 of DT A chain 
which completely blocks ADP-ribosylation (22). As Fig. 3 
shows, 10- 5 M CRM 197 blocked DT toxicity 90-fold but did 
not affect the cytotoxic activity of UCHT1-DT. Thus, we 
could not show any effect on UCHTl -DT toxicity by blocking 
99% of the surface DT receptors. Phytic acid, a competitive 
inhibitor of DT binding (23), blocked DT toxicity about 70- 
fold but had no significant effect on UCHT1-DT (data not 
shown). 

DISCUSSION 

Diphtheria toxin requires functions present on both of its 
disulfide-linked subunits for toxicity. The A chain inhibits 
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FIG. 3. Effect of DT-binding site blockade on DT and 
UCHT1-DT cytotoxic activity. One hundred thousand Jurkat 
cells were cultured for 3 h at 37 *C (100 m0 in the presence of the 
different reagents or control solutions. After this, cells were pulsed 

for 1 h with ["CJleucine. ■ UCHTl-DT, □ □, UCHT1-DT 

+ CRM 197 (10-* M); • •> DT; O O, DT + CRM 197 (10" 6 

M). 

protein synthesis when in the cytosol (24) while the B subunit 
binds cell surfaces (21, 25) and is thought to facilitate entry 
of the A subunit into the cytosol. The C-terminal 17-kDa 
region of DT B chain appears to partially or fully comprise 
the cell surface-binding site since 1) CRM mutants lacking 
this region (Le. CRM 45) fail to bind cells (21) and 2) mono- 
clonal antibodies which bind the C-terminal region block 
binding (26). Four hydrophobic domains exist in the DT B 
chain, three contained in the 21-kDa N terminus and one in 
the 17-kDa C terminus (5). At low pH, DT undergoes a 
conformational change which exposes hydrophobic domains 
and inserts into lipid bilayers (9). Eliminating low pH envi- 
ronments intracellular^ blocks DT passage to the cytosol (8, 
9, 27) while lowering extracellular pH to 4.5 circumvents this 
block implying that exposure of the hydrophobic domains is 
necessary for cell entry. Treatment of DT in vitro at pH 3.0- 
5.0 inactivates toxicity but not A chain enzymatic activity (9). 

We have investigated the role of the DT B chain domains 
in cell entry as distinguished from cell binding by adding a 
new binding moiety to various size derivatives of DT. We 
found UCHTl monoclonal antibody linked to diphtheria 
toxin A chain had low toxicity, but addition of the N terminus 
of DT B (as in UCHTl-MspSA) increased toxicity 100-fold. 
This is similar to work by Bacha et aL (18) who found that 
thyrotropin -releasing hormone linked to CRM45 was more 
toxic than thyrotropin-releasing hormone linked to the DT A 
chain analog, CRM 26. Presumably the three hydrophobic 
domains of MspSA and CRM 45 facilitate passage of DT out 
of intracellular vesicles. Interestingly, NH4CI blocked 
UCHTl-MspSA indicating that, like DT, it requires a low pH 
environment for membrane passage. UCHTl-DTA was not 
blocked by NHiCl, another indication that low pH results in 
the exposure of hydrophobic domains present on B chain but 
not on DT A chain. 

Addition of the C-terminal 17-kDa region of DT B by 
linking intact DT to UCHTl further increased toxicity more 
than 100-fold even though the binding was mediated solely 
by the antibody. What activity of this C-terrainal region 
facilitates DT entry? We tested the possibility that cell sur- 
face DT receptors were involved. CRM 197 has no toxicity 
but binds DT receptors and blocks DT toxicity by competing 
for binding sites (21-24). Our data show that CRM 197 blocks 
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DT toxicity to Jurkat 100-fold but has no effect on UCHTl-> 
DT. This indicates that the C terminus does not function 
solely by binding cell surface receptors; rather, this part of 
the molecule could be involved in binding of intracellular 
receptors or in membrane transport functions. 

Intracellular binding of ricin receptors was proposed as the 
function of ricin B chain which facilitated immunotoxin tox- 
icity (17). The results reported here for diphtheria toxin are 
consistent with the model proposed for ricin. 

How hydrophobic domains insert into membranes is not 
known. Low pH inactivates DT by altering the B subunit (9). 
We used UCHT1-DT to determine whether this conforma- 
tional inactivation was due to DT binding or entry functions. 
UCHTl-DT was inactivated by treatment at pH 4.0 even 
though cell binding by UCHTl was maintained; therefore, 
the precise DT B subunit conformation appears to be neces- 
sary for membrane transport rather than binding. The sen- 
sitivity of UCHTl-MspS A to acid treatment revealed that the 
requirement for a proper conformation is not restricted to the 
C-terminal domains missing from MspSA, but also extends 
to other parts of DT B chain. 

Antibody toxin conjugates are useful reagents for in vitro 
cell depletion. One goal is to use these reagents in vivo for 
cancer therapy. Antibodies linked to toxin A chains often 
have kinetics so slow as to be inactive in vivo while antibodies 
linked to intact toxins have too much nontarget cell toxicity 
for in vivo administration. Functions of toxin B chains which 
would accelerate activity of antibody toxin conjugates but not 
contribute to nontarget cell toxicity in vivo would be impor- 
tant to identify. The 21-kDa N terminus of DT B appears to 
greatly increase DTA-UCHT1 activity but makes little con- 
tribution to nontarget cell toxicity. Activities in the 17-kDa 
C terminus of DT B chain could be used to increase toxicity 
100-fold more if they can be separated from cell surface- 
binding activities. 
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SUPPLEMENTARY MATERIAL TO: "CLONEO FRAGMENT OF DIPHTHERIA 
TOXIN LINKED TO T CELL SPECIFIC ANTIBODY IDEMTIFIES 
* REGIONS OF B CHAIN ACTIVE IN CELL ENW 

Marco Colombatti , Lawrence Greenfield and Richard 0. foul* 
EXPERIMENTAL PROCEDURES 

Diphtheria toxin (n.w 55Kd), 95* nicked, was purchased from 
Calblochen: Diphtheria toxin, <10l nicked. «as purchased front 
List Biological*. UCHTl, an lgGl which recognizes the CDS (p20) 
determinant Mas a generous gift froa Unilever, Bristol, England. 
a-Malelmtdobenzeyl N-hydroxysuccUiaide ester (MBS), 
n-stfcclnlmldyl 3-(Z-pyridyldithU) propionate (SPDP) and 
dUblothreltol (OTT) were froa Pierce Chemical Co.. Rockford, 
IL. 

Diphtheria toxin A cb»in (2lkDa) was purified froa reduced 
end denatured DT according to the methods described by Chang and 
Collier (28) and Sandvlg and Olsnes (9). EF-2 was purified froa 
rat liver cells following a procedure described by Moldave (29). 
CRM 197 was purified by 1on exchange on DEAE Sepharose. 

MspSA 

The MspSA toxin Is a recombinant derivative of OT 
synthesized in E. Coll using the Rsp restriction fragment of 
corynebacterluo diphtheriee genome; it consists of amino acids 1 
through 382 of the native DT sequence (20) to which the 
nucleotide sequence encoding for the following emlnoacid seqaence 
has been added to the C-ter«1na( end by conventional techniques: 
leu-pro-gly-thr-gly-ser-gly-prog-ser-gly-ser-gly-thr-eys (F1g. 
1). Further details on recombinant DMA techniqaes used for 
MspSA construction aod expression will be published elsewhere. 2 
MspSA was purified by passage through a DEAE column «qt/1 1 ibr Jated 
with lOaM He phosphate pH 6.B and eluted with a 0-300 raM Ma CI 
gradient. The eluted material was then loaded onto a HAO-agarose 
column in 10aN Hi phosphate and aff 1n1 ty-puri f 1 ad by eluting the 
bound material with a 0-1.2 H Na CI gradient. The concentrated 
eluate was then further purified by running through a Sephacryl 
S-200 siring column. MspSA was obtained as a >95X pure protein 
of 45,000 dalton according to SOS-polyacryl amide gel 
electrophoresis. Its EF-2 AOP-r Ibosyl ating activity was equal to 
nlckad DT. 

jmnunotoxins 

ThloetheT and disulfide-1 Inked immunotoxins (IT) were made 
by slight modification of previously published procedures (30, 
31); OT and MspSA were linked to N8S by Incubating with a 5 fold 
excess of MltS for 30 mln at room temperature; for disulfide 
linkage, MspSA and OT A chain were reduced with 100 mN DTT for 2 
hr followed by gel filtration and mixing with UCHTl previously 
modified with a 7 fold molar excess of SPDP. Imeunotoxins were 
purified by gel filtration on a TSK-3000 HPIC column. The 
immunotoxins ran as distinct peaks in front of unconjugated 
antibody. All loununotoxl ns were a mixture of conjugates of 
different stoicMomtry but showed an average m.w. corresponding 
to l:l-l;3 (antibody :toxin) molar conjugates and were separated 
from unconjugated antibody and toxin. 

Protein Synthesis Assay 

The jn vitro adapted human leukemic T cell line Jurkat, 
maintained by serial passage in RPMI 1640 ♦ 10* PCS was used 
throughout our study. Protein synthesis was assayed by 



incubating 10 s cells in dOyil leucine free RPMI medium containing 
2* FCS In 96 well microliter plates; toxins, imounotoxins and 
control solutions were added in 10 ul to a final voluae of 100 p\ 
and Incubated with cells for 3 hr or 23 hr. Twenty pi of eedlun 
containing. 0.1 pCl of 14r,-leuc1ne were then added for 60 oin. 
Cells were then harvested onto glass fiber filters with a PHD 
cell harvester, washed with water, dried and counted. Incubation 
time Is calculated as preincubation tine plus one half the **C- 
leucfne pulse tine. All cytotoxicity assays were performed 2-4 
times; data showed less than 10s" variation between different 
experiments. Values represent the average of duplicate samples 
(less than 10% standard error). The results are expressed as a 
percentage of the incorporation in the mock-treated control 
cultures. The incorporation'^ the controls varied between 
16,000 and 22,000 cpn. 

EF-2 AOP-rlbosylatlon assay 

AOP-Ribesylatlcn of EF-2 was assayed by a modification of a 
previously described method (32). Briefly, 50 pi of partially 
purified EF-2 were dispensed In a 96 well microtiter plate 
followed by 25 pi 3ZP- Nicotinamide adenine dinucleotide (0.9 ^C1, 
specific activity 707.1 Cl/maol). OT, OT A chain, lamunotoxlns 
and control solutions were added in 25 ^il and mixtures incubated 
for 15 aln at room temperature. All reagents added were in 0.25M 
Trls-HCl buffer pH 8,2 containing 0.04 M OTT and 0.1 H EDTA. The 
reaction was stopped by filling the wells with 51 trichloroacetic 
•eld, the precipitate harvested onto glass fiber filters, washed, 
dried and counted. The background of the assay was determined by 
replacement of toxins or immunotoxins with Tris-HCl buffer. 
Standard curves ware established by assaying threefold dilutions 
of nicked DT at known concentrations. Concentration of toxins or 
immunotoxins were then determined based on DT standard curves, 
these concentrations were comparable to concentrations based on 
absorbanee (O.D. 280 nm). UCHTl-DT used in this study was 
synthesized with 95* nicked DT. Extent of conjugation was 
determined by pre-incubating 100 ^jl of the immunotoxl n solution 
with SO pi packed goat anti-mouse Ig antiserum covalently coupled 
to Sepharose 4-B. After 30 «in incubation at room temperature 
saeples were centrifuged at 12,000 rpm for 2 mln and the 
supernatant was assayed for EF-2 ADP-rybosylation as above. 

Immun o toxl n Binding Assay 

Binding of UCHTl-DT, UCHTl-MspSA and UCHU-DTA was estimated 
by flow cytof luorometry. One million cells in 100 pi medium + 
10* FCS were Incubated with 100 pi UCHTl or immunotoxins for 30 
win on ice. Cells were then washed and resuspended in 200 pi 
medium + FCS; 10 til of f luorescelnated goat antinouse 
immunoglobulins (Ig) antiserum were then added and cells 
incubated for 30 mln on Ice. .After this, cells were washed again 
and analyred on a Coulterf luorescence activated cell sorter. 

pH Treatment 

DT, UCHtl-OT and UCHTl-MspSA (20 pg/ml, 4 jjg/nl and 2 ug/ml 
respectively) in 10 ««. Na acetate pH 4.0 or In PBS pH 7.0 were 
incubated at 37 # C for 1 hr. After this treatment, the samples 
were neutralized and 10 pi of each solution were separately added 
to 90 jjl culture medium containing 10 s cells and a protein 
synthesis assay was performed as described above. 

RESULTS 

Role of Cross -Unking Method 

UCHTl-DT Is a thloether conjugate, whereas UCHTl Is linked 
to MspSA via a disulfide bridge. The different cytotoxic potency 
of UCHTl-DT and UCMU-HspSA night be explained by the different 
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cross- linking oethods used for the conjugates synthesis. The 
thioether linkage used for UCHTl-OT conjugation results In a . 
modification of amino groups of OT; conversely, the dljplffae 
bond linking antibody and MspSA does not require chemical 
modifications of the toxin. A thloether cross-linked' UCHTl-HspSA 
tnmunotoxin mis synthesized bjr random dermal Izet ion and assayed 
In a protein synthesis Inhibition assay. As seen In Fig. 5, 
minlprint, this f mmunotoxin only reduced protein synthesis 24X at 
the hfghost concentration (lO- 7 M). The higher potency of 
UCHT1-DT Is therefore net due to the Method of cross) inking. 
Comparison of UCHT1-0T conjugates synthesized with nicked or 
unnicked toxin revealed that the Utumotoxi ns made with unnicked 
Of was about 10 fold more to*1c('t).The difference, la cytotoxicity 
between UCHT1-DT (unnicked) and UCHTl-KspSA (unnicked) was thus 
maintained or even greater and therefore nicking does not 
account for the difference in potency between the Wo 
irmunotojrf ns. 

Native DT reduced protein synthesis in Jurkat cells to 50* 
of control at J.SxlO" 5 * in a 3.S fir assay (Fig. 3) while MspSA 
alone vis not toxic for Jurkat evils »t concentrations as high as 
onlOr** (Pig. S, nlnlprtnt). Therefore the toxicity differential 
between target and non-target cells nay even be greater for 
UCHTl-HspSA than UCHT1-DT. 

Binding of Inaunotoxlns to Jurkat Cells 

Differences la the ability to bind the surface of target 
cells might explain the. lower cytotoxic properties of UC-HTUuTA 
and UCHTl-NspS* as compared to UCHTI-OT. To investigate this, 
Jurkat cells were treated with various concentrations of UCHTl 
monoclonal antibody alone* with UCHTi-OT. UCHTl-OIA, or 
UCHTl-MSpSA for 1 hr on ice. After washing, bound eonoclonel 
antibody and lemunotcxlns were revealed by incubating the cells 
with a fluorescent goat anti-mouse ig antiserum. The mean 
fluorescence Intensity (MFD expressed by the cells was then 
determined by flow eytofl uor 0 metry. As Illustrated 1n Fig. 6, 
UCHT1-DT, UCHTl-MspSA, and UCHT1-DTA had comparable binding 
activity. In a replicate experiment a foil binding curve of 
UCHTl-MspSA fell within 2 fold of the UCHTl binding curve. 
MspSA lacks the cell surface binding domain, therefore binding of 
(ICKTl-HspSA to the cell surface can only occur via UCHTl 
monoclonal antibody. UCHTl-OT does not bind cells via the DT 
binding site sinceat the concentration used in the binding 
assay, UCHU-DT toxicity can be totally blocked by an excess 
UCHTl monoclonal antibody , and Is therefore mediated only by the 
Antibody binding the target antigen. The binding of UCHT1*DTA to 
target cells was also demonstrated by the ability of UCHTl-DTA at 
5x10-7* to coap«t1tiv«ly block the cytotoxic effect of UCHT1-DT 
in a 3.5 hr protein inhibition assay (Fig. lb, 
minlprint). The binding of all three 1om«notox1ns was therefore 
conparable and could not explain the differences in toxicity. 

Imnonodepletlon of Itnaunotoxln AOP-Rlbosylati on Activity 

We' conducted one further control to demonstrate that the 
concentration of UCHTl-HspSA and UCHT1-DTA as determined by ADP- 
rifaosylatlon was not artifactually low due to free MspSA or DT-A 
chain present in the sample aid not linked to UCHTl. DT, 
UCHT1-DT, uchti-hspsa and UCHU-DTA were incubated with a goat 
anti-mouse Ig serum covalently bound to Sepharose 4-B beads, 
centrifuged and the EF-2 AOP-r Ibosyl atl ng activity remaining in 
the supernatant was assayed as described under Experimental 



Procedures. Sfxty-four percent of the Ef-2 ADP-rlbotyleting 
activity of UCHTJ-OT preparation was precipitated and was 
therefore antibody-bound toxin; 99* of the F.F-2 AOP-r ibosylatiog 
activity found in the UCHTl- KspSA preparation was bound to UCHTl 
antibody and was precipitated by Incolubi 1 Ized goat antl- nou se Ig 
antiserum and 73* of the ADP-rlbosyl ating activity was 
immunodepleted from UCHTUDTA, while only 7.5* of the EP-2 
ADP-rlbosylating activity could be precipitated from a control 
sample containing DT alone. The concentrations of UCHTJ-HspSA 
and UCHT1-DTA were therefore within 20* of the true value. The 
UCHTl-OT nay have been slightly more toxic than shown but the 
overall relative toxicities of the three reagents remains valid. 

Effect of Ammonium Chloride on Immunotoxin Activity 

DT toxicity can be blocked by lysosomotropic amines that 
neutralize lysosomal pH and probably Interfere with OT entry 
by preventing the exposure of hydrophobic domains needed for 
transmembrane passage (6-9). Ve therefor* Investigated whether 
ammonium chloride could affect the cytotoxic activity of DT or 
HspSA linked to UCHTl antibody. As Fig. 4a alnlprtnt, 
illustrates, the presence of 10 tnM NH4CI during the 3.5 hr of 
the assay totally blocked UCHT1-DT and UCHTl-HspSA cytotoxicity. 
Under the same conditions the toxicity of DT for Jurkat cells was 
also completely abolished (Fig. 5. minlprint). Thus UCHTl-HspSA 
requires a low pH environment for entry like native DT. 
UCHTI-DTA was not blocked by the presence of 10»M NH4C1 during a 
23.5 hr assay but wis potentiated about 2 fold. Fifty percent 
inhibition of protein synthesis was attained at 3 X 10~ 9 M In the 
presence and at 6 X 10 -9 M in the absence of ammonium chloride. 
Toxicity of DTA was not affected by the presence of NHaCl during 
a 23.5 hr assay (data not shown). These data suggest that only 
protein domains in the DT B chain mediated entry need a low pH. 

Effect of pH on UCHT1-DT_ Cytotoxic Activity 

Treatnent of OT at low pH induces an Irreversible 
conformational change of the toxin nolecule that results Jn a 
reduction of its toxicity (9). To determine if the conformation 
of the hydrophobic donalns necessary for toxin entry is required 
for imnunotoxin activity we treated UCHTI-DT, UCHTl-MspSA end DT 
at pH 4.0 for 1 hr at 37*C and after neutral iiation assayed 
their cytotoxic effect in a 3.5 hr protein synthesis Inhibition 
assay. As Fig. 7 minlprint, Illustrates, 50* Inhibition of protein 
synthesis was observed at 300 ng/ml <5X10-9J1> for acid-treated 
DT, while a control sample treated at ph 7.0 sbowed a 50* 
inhibition at 60 ng/ml (iO- 10 M), Protein synthesis was decreased 
to 30* of control at about 30 ng/ml (ZQ-10M) by untreated 
UCHTI-DT and at about 150 ng/ml (SXIO-^H) by acid- treated 
UCHTl-OT (rig. 7. mtnlprlntj. UCHTl-MspSA cytotoxicity was also 
similarly affected by low pH treatment: 78* protein synthesis 
Inhibition was observed at about 40 ng/ml O.SXlO" 9 *) for control 
DCHTI-HapSA as opposed to 200 ng/ml (6.2K10-9H) for UCHTl-HspSA 
pre-treated at pH 4.0 (Fig. 7. minlprint). UCHTl antibody binding 
was not affected by pH 4,0 treatnent (data not shown). 

Treatnent at pH 4.0 reduced the cytotoxic activity. of DT, 
UCHTl-OT aod UCHTl-HspSA about 4 to 5 fold demonstrating that a 
specific conformation of DT is needed not only for cell surface 
binding but also for entry to the cytosol. The effect of low pH 
on UCHTl-MspSA indicates that acid sensitive regions exist in the 
N-termlnal portion of B chain. 



Diphtheria Toxin-Antibody Conjugates 



3035 



B chain 



Diphtheria Toxin 



CRM 46 



Fig. I. 

Structure of diphtheria toxin and related polypeptide wolacules, 
Oi sulfide bonds are represented by the symbol -S-S-; black boxes 
represent hydrophobic sequences according to Ref. 5. 





Fig. 4. 

Effect of antibody-toxin conjugates on Jurkat target cells. One 
hundred thousand cells/well {100 ul) were cultured for 3 hr at 
37°C In the presence of the various reagents or control solutions. 
Cells were then pulsed for 1 hr with ^C-leucine, harvested and 
counted. 

i) , • UCHTI -0T,a% AUCHTl-DT t UCHTI 7U0- 7 K.eI * 

UCHTI -DT + NH4CI lOnM ; 0 o UCHTI-HspSA, A "A. UCHTI .MspSA + 

UCHTI 7X10- 7 K.B QUCHTI-HspSA + NH4CI 10 mN. 

b) « a UCHTI-DT. 4 t\ UCHTI-DTA, 0 0 UCHTI-DT ♦ UCHTI-DTA 

5X10" 7 M. 




Ffg. S. 

tffect of OT, NspSA and thieether-1 Inked UCHTl-NspSA on Jurkat 
target cells. One hundred thousand Jurkat cells/well (100 /it) 
were cultured for 3 hr at 37°C 1n the presence or absence of OT, 
MspSA or UCHTI-HspSA. Cells were then pulsed for 1 br with 

i4 C-Ieucine. 0 — 0 0T,Q QDT ♦ HH^Cl 10mM, • — • MspSA, 

A Athioether-linked UCHTl-*spSA. 




10 -n 10 -iQ 10 -9 

ANT1800Y OR IMMUNOTOXIN (M] 

Fiu. 6. 

One Billion Jurkit cells were Incubated with various dilutions of 
UCHTI or IT for 30 *Hn on Ice. The cells were then washed and 
Incubated for 30 rain on tea with an anti-aouse I9 f luorescelt ated 
antiserum. After washings, cell-bound fluorescence was analyzed 
by flow cytof luoranetry. Cells treated with the second step 
reagent alone represented the background of the assay 

( subtracted) .fa ^ UCHT1-0T.A -AUCHTl. HspSA .0 ,0 

UCHTl-DTA, — • UCHTI. 




PftOIEIN CONC (ng/ml) 

Fig. 7. 

tffect of low pH pre- treatment on the cytotoxic activity of DT, 
UCHT1-0T and UCHT? -MspSA. DT, UCKT1-DT and UCHTI -MspSA were 
exposed to pH 4.0 in Ha acetate buffer for 1 hr at 37* c. 
Control samples were mock- treated at pH7.0. After 
neutralization, the cytotoxic activity of OT, UCHTI-DT and 
UCHTl-MspSA was assayed in a protein synthesis inhibition assay 
by incubating 10 5 Jurkat cells at 37» C U00 ^m1) for 3 hr with 
pH-treated or mock- treated OT, UCHTI-DT or UCHTl-MspSA. After 
this, cells were pulsed with ^c-leuclne. 0 — o OT, A«~ A OT 
pre-treated at pH 4.0; • UCHT1-0T, A — * UCHTI-DT 

pre-treated at pH 4.0, Q — a UCHTl-MspSA, ft | UCHTl-MspSA 

pre-treated at pH 4.0. 
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The role of the receptor in the transport of diphtheria 
toxin (DT) to the cytosol was examined. A point-mutant 
form of DT, CRM 107 (CRM represents cross- reacting 
material), that has an 8,000-fold lower affinity for the 
DT receptor than native toxin was conjugated to trans- 
ferrin and monoclonal antibodies specific for the cell- 
surface receptors T3 and Thy 1. Conjugating the bind- 
ing site-inactivated CRM 107 to new binding moieties 
reconstituted full toxicity, indistinguishable from na- 
tive DT linked to the same ligand, indicating that the 
entry activity of the DT B chain can be fully separated 
from the receptor binding function. Like DT, the toxin 
conjugates exhibited a dose-dependent lag period be- 
fore first-order inactivation of protein synthesis. In- 
activation of the binding site of the toxin portion of the 
conjugate was found to have no effect on the kinetics 
of protein synthesis inactivation. The receptor used by 
the toxin determined the length of the lag period rela- 
tive to the killing rate. Comparing the potency of CRM 
107 conjugates with native DT, standardized for re- 
ceptor occupancy, shows that new receptors can be as 
or more efficient than the DT receptor in transporting 
DT to the cytosol. The transferrin-CRM 107 conjugate, 
unlike native DT, was highly toxic to murine cells. All 
the data presented are consistent with a model that the 
DT receptor, other than initiating rapid internaliza- 
tion of the toxin to low pH compartments, is unneces- 
sary for transport of the toxin to the cytosol and that 
membrane translocation activity is expressed by the 
DT B subunit independent of the receptor-binding site. 



Diphtheria toxin (DT) 1 is composed of two disulfide- linked 
subunits, both of which are involved in the intoxication proc- 
ess (1). The A subunit catalyzes ADP-ribosylation of elonga- 
tion factor 2 (EF-2), thereby stopping protein synthesis and 
killing the cell. The B subunit has two functions: binding to 
cell-surface receptors and translocation of the A subunit into 
the cytosol. 

The existence of specific cell-surface receptors for DT was 
first demonstrated by Ittelson and Gill (2) and quantitatively 
studied by Middlebrook et al (3). Recent evidence indicates 
that the DT receptor is an anion antiporter (4-8). This 
antiporter also appears to play a specific role in transport of 
the toxin to the cytosol because: 1) the presence of permeant 
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1 The abbreviations used are: DT, diphtheria toxin; CRM, cross- 
reacting material; SITS, 4-acetamido-4-bothiocyanostilbene-2,2'-di- 
sulfonic acid; MBS, m-maleimidobenzoyl-N-hydroxysuccinimide es- 
ter; EF-2, elongation factor 2; HEPES, 4-(2-hydroxyethyl)-l-pipera- 
zineethanesulfonic acid. 



anions is required for toxin entry (8); 2) binding and insertion 
of DT inhibit the anion antiporter (6); and 3) inhibitors of 
anion transport such as the disulfonated stilbene derivative 
SITS inhibit the binding and translocation of DT (4, 7). 

Four hydrophobic domains are present in the B chain and 
appear to play an important role in the translocation of the 
toxin molecule to the cytosol (9, 10). Exposure to low pH is 
also necessary for DT entry. Low pH causes a conformational 
change in DT that exposes hydrophobic domains (11) and 
induces the insertion of the toxin into lipid biiayers (12). 

We have shown previously that the binding function can 
be separated from the translocation function of DT (13), Two 
point mutations identified in CRM 107 at positions 390 and 
525 reduce toxin binding 8,000 -fold and reduce toxicity 
10,000-fold. However, conjugation of CRM 107 to a new 
binding moiety, the monoclonal antibody to the T-cell antigen 
receptor, UCHT1, reconstituted full toxicity to the mutant. 
This immunotoxin exhibited full toxicity to antigen-positive 
target cells, indistinguishable from that of the native toxin 
linked to the same antibody, without the nontarget cell tox- 
icity. The result was therefore an immunotoxin with a 10,000- 
fold increase in toxicity over native CRM 107. 

This report examines the role of the receptor in the DT 
intoxication process. Since CRM 107 retains full DT entry 
activity, CRM 107 conjugated to various new receptor-binding 
moieties allows one to define the role that the receptors play 
in entry to the cytosol. DT entry via the DT receptor, the 
Thyl antigen, the T3 subunit of the T-cell receptor, and the 
transferrin receptor is examined. All of the results are con- 
sistent with a model that the DT receptor is not required for 
translocation to the cytosol other than to mediate rapid 
internalization to low pH compartments. The B chain of DT 
appears to contain all the membrane translocation activity, 
and this activity is distinct and separable from the receptor- 
binding site on the toxin B subunit. 

MATERIALS AND METHODS 

Reagents — DT was purchased from List Biologicals (Campbell, 
CA). UCHTl, an IgGl which recognizes the CD3 (p20) determinant, 
was from Unilever (Bristol, England). The rat anti-Thyl monoclonal 
antibody (3A7) and the Jurkat cell line transfected with the murine 
Thy 1.2 gene were a generous gift from Dr. Ethan Shevach (National 
Institute of Allergy and Infectious Diseases). Dithiothreitol, MBS, 
and 2-Iminothiolane were purchased from Pierce Chemical Co. Hu- 
man transferrin and SITS were from Sigma. All cell culture supplies 
were from GIBCO. 

CRM 107, developed by Laird and Groman (14), was purified by 
clarifying Corynebacterium diphtheria cultures by centrifugation. The 
supernatant was made 65% with ammonium sulfate, incubated at 
4 'C overnight, and centrifuged. The pellet was resuspended in 50 
mM Tris buffer, pH 8.0, containing 0.1 mM EDTA and dialyzed 
overnight at 4 °C against 50 mM Tris buffer, pH 8.0, containing 1 
mM EDTA and 0.1 mM phenyl methylsulfonyl fluoride. The sample 
was applied to a DEAE-Sepharose Fast Flow (Pharmacia LKB Bio- 
technology Inc.) column equilibrated in the same buffer as the dialy- 



1295 



1296 



Role of DT Receptors in Translocation 



sate. The CRM 107 was eluted by a linear gradient of NaCl up to 300 
mM in the same buffer. 

Cell Lines— WEHI-7 and EL-4 (murine T-cell lymphoma-derived 
cells), Jurkat and CEM (human leukemia T-cell lines), and K562 (a 
human erythroleukemia>derived cell line) were all grown in RPMI 
1640 medium containing 10% fetal calf serum, 2 mM glutamine, 1 
mM sodium pyruvate, 0.1 mM nonessential amino acids, and 10 tig/ 
ml gentamycin. Vero, a cell line derived from monkey kidney, and 
SNB 76, a glioblastoma-derived cell line, were maintained in Dulbec- 
co's modified Eagle's medium containing the medium supplements 
described above. Jurkat cells transfected with the murine Thy 1.2 gene 
(15) were grown in Dulbecco's modified Eagle's medium with the 
above supplements plus 5 X 10~* M 2-mercaptoethanol, 1 pg/ml 
mycophenolic acid- 25 mg/ml xanthine, and 15 Mg/ml hypoxanthine. 
All cells were grown at 37 C C in 5% C0 2 in a humidified atmosphere. 

Immunotoxins— UCHTl-DT and UCHT1-CRM 107 conjugates 
were made with a thioether linkage as previously described (16). The 
rat anti-Thyl monoclonal antibody, 3A7 (17), was conjugated with 
DT according to this same protocol. 

Conjugation of transferrin with DT or CRM 107 was performed by 
a modification of the antibody coupling procedure. Before conjuga- 
tion, transferrin was loaded with iron according to the method of 
Shindelman et al. (18). 2-Iminothiolane was dissolved in 0.8 M boric 
acid, pH 8.5, and incubated with transferrin in an 8:1 molar ratio. 
After 1 h at room temperature, the modified transferrin was separated 
from 2-iminothiolane by gel filtration on a Sephadex G-25 column 
equilibrated with phosphate-buffered saline. MBS, dissolved in di- 
methylformamide, was added in 5 -fold molar excess to the toxin. The 
mixture was incubated for 30 min at room temperature followed by 
chromatographic separation on Sephadex G-25. The MBS-conjugated 
toxin was mixed with thiolated transferrin in a 1:1.3 molar ratio and 
incubated for 3 h at room temperature, and immunotoxins were 
purified by gel filtration on a TSK-3000 high pressure liquid chro- 
matography column. One-minute fractions were collected, and indi- 
vidual fractions were tested for toxicity using a protein synthesis 
inhibition assay. The A chain activity of the conjugate peak was 
quantified using the EF-2 ADP-ribosylation assay. This immunotoxin 
peak was used for all further experiments. 

EF-2 ADP-ribosylation Assay — EF-2 was purified from rat liver 
cells following a procedure described previously (19). ADP-ribosyla- 
tion was carried out in 80-pl reaction mixtures containing 40 ^1 of 
0.01 M Tris-HCl buffer with 1.0 M dithiothreitol, pH 8.0, 20 m1 of EF- 
2, and 10 m1 of toxin sample. The reaction was initiated by the 
addition of 10 frf of [ 32 P] nicotinamide adenine dinucleotide (1.2 pCi, 
specific activity = 277 Ci/mmol, adjusted to 18 with cold nicotin- 
amide adenine dinucleotide). Reaction mixtures were incubated at 
room temperature for 20 min and the reaction was stopped by the 
addition of 1 ml of 10% trichloroacetic acid. The precipitate was 
washed once with 10% trichloroacetic acid solubilized in 0.1 M NaOH, 
and counted. 

ADP-ribosylation activities of unknown samples were compared to 
values obtained from DT standards consisting of known concentra- 
tions of DT (values based on Lowry protein determination (20) using 
bovine serum albumin as a standard). The background of the assay 
was determined by replacement of the toxin with Tris-HCl buffer. 

Protein Synthesis Assay — Inhibition of protein synthesis was used 
to assay the cytotoxic effects of DT, CRM 107, and the toxin conju- 
gates. Cells growing in suspension cultures such as Jurkat, K562, EL- 
4, and WEHI-7 were washed once with leucine- free RPMI 1640 
medium, without fetal calf serum, containing 17 mM HEPES, 10 Mg/ 
ml gentamycin, resuspended in this medium, and dispensed into 96- 
well plates at a density of 10 6 cells/100 Ml/well. Adherent cells were 
trypsinized, washed in their regular growth medium, and dispersed in 
this medium into 96-well plates at a density of 5 X 10* cells/well. 
Cells were allowed to reattach and grow in the 96-well plate for 24 h. 
Before the protein synthesis assay was started, the cells were washed 
twice with the leucine-free medium described above, and the wells 
were refilled to a final volume of 100 pi. Toxin conjugates, toxins 
alone, or control solutions were added in 11-^1 volumes, and the cells 
were incubated at 37 "C for a specific amount of time. Phosphate- 
buffered saline containing 0.1 pCi of [ ,4 C] leucine (20 pi) was then 
added for 1 h, and the cells were harvested onto glass fiber filters 
using a PHD cell harvester (Cambridge Technology, Inc., Cambridge, 
MA), washed with water, dried, and counted. The results were ex- 
pressed as a percentage of 14 C incorporation in the mock -treated 
control cultures. All cytotoxicity assays were performed two to five 
times. Values given represent the average of duplicate or triplicate 
samples with less than 10% standard error. 



RESULTS 

Reactivity of Transferrin-Toxin Conjugates on Various Cell 
Lines— We examined the activity of DT and CRM 107 linked 
to transferrin. Transferrin receptors are found in higher num- 
bers in proliferating cells including tumor cells; (21-23) and 
because of this, antibodies to the transferrin receptor have 
been used in animal models for cancer therapy (24). The 
toxicity of CRM 107, DT, transferrin-CRM 107, and trans- 
ferrin-DT conjugates to the human leukemia cell line Jurkat, 
the human erythroblastoma cell line K562, and the human 
glioblastoma-derived cell line SNB 75 were compared (Table 
I). Although CRM 107 is 10,000-fold less toxic than DT, 
transferrin-CRM 107 is equally toxic as transferrin-DT, 
showing that the new binding domain fully reconstituted the 
CRM 107 toxicity. Binding of the toxin conjugates is trans- 
ferrin- mediated, as shown by the fact that free transferrin 
inhibits cytotoxicity (Table II). These results show that sep- 
aration of DT binding and translocation noted with UCHTl 
(13) occur via another cell-surface receptor and on a variety 
of different cell types. 

The receptor occupancy at the IC 6 o concentrations for 
transferrin-CRM 107 on K562 cells and DT on Vero cells was 
calculated. Based on known receptor numbers and K a values 
for transferrin on K562 (25) and DT on Vero cells (3), 3500 
DT molecules on Vero cells were required to reduce protein 
synthesis to the same extent as 130 transferrin-CRM 107 
molecules on K562 cells. Transferrin-CRM 107 is therefore 
30-fold more toxic to K562 cells than is DT to Vero cells 
based on receptor occupancy. 

Effects of Alternative Receptors on the Kinetics of Intoxica- 
tion — The kinetics of protein synthesis inhibition by toxins 
binding three different receptors on the same cell were ci- 



table I 

/Ceo of DT and transferrin-toxin conjugates 





Juikat 


K562 


SNB 75 




M 


At 


At 


Trn'-CRM 107 


2 x 10" 126 


1.6 x io-" 


1.7 x i<r" 


Tfh-DT 


4 X 10~ 12 


9 x 10~ 15 


1.3 X 10' 11 


CRM 107 


5.4 X 10 -7 


ND 


2.5 X 10~ 8 


DT 


6.1 x 10-" 


3.4 X 10" 10 


2 X 10' 12 



0 Tfn, transferrin; ND, not determined. 

b Concentrations shown are those that inhibit protein synthesis by 
50% of control values. Jurkat cells were incubated with toxins for 16 
h, followed by a 1-h pulse with [ u C]Leu. K562 and SNB 75 were 
incubated for 24 h, followed by a 1-h pulse. 



Table II 

Inhibition of toxicity by free UCHTl or transferrin 



Toxin 


Cell 
line 


Protein 
synthesis 






% control 


UCHTl -CRM 107 (4 X 10" 10 M) 


Jurkat 


3.9 


+Free UCHTl (100 Mg/ml) 


Jurkat 


94.5 


Tfn'-CRM 107 (3.6 X 10 M0 M) 


K562 


0.7 


+Free Tfn (300 Mg/ml) 


K562 


100.3 


Tfn-DT (2.3 x 10" 10 M) 


K562 


2.4 


+Free Tfn (300 Mg/ml) 


K562 


110.3 


Tfn-CRM 107 (7.5 x 10" 9 M) 


Vero 


40.0 


+Free Tfn (500 Mg/ml) 
Tfn-DT (6.5 X 10"* M) 


Vero 


70.0 


Vero 


20.0 


+Free Tfn (500 Mg/ml) 


Vero 


30.0 


DT (1 X 10 -9 M) 


Vero 


6.9 


+Free Tfn (500 Mg/ml) 


Vero 


6.8 


Tfn-DT (1.3 x 10"' m) 


Vero 


4.9 


+Free CRM 197 (65 Mg/ml) 


Vero 


5.2 


DT (1 x 10" 8 M) 


Vero 


15.9 


+Free CRM 197 (65 Mg/ml) 


Vero 


84.1 



8 Tfn, transferrin. 
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amined. The inhibition of Jurkat cell protein synthesis pro- 
duced by DT, UCHTl-CRM 107, and transferrin -CRM 107 
was followed as a function of time, at different toxin concen- 
trations. All three toxins exhibited a dose-dependent lag time 
before first-order inactivation of protein synthesis began. 
Concentrations of DT, UCHT1-CRM 107, and transferrin- 
CRM 107 that produced the same rate of protein synthesis 
inactivation were compared (Fig. 1A). The lag time before an 
identical rate of protein synthesis inhibition began varied 
among the three toxina. The transferrin receptor-mediated 
toxin had a lag time of 3 h. This was approximately twice 
that of the T3-mediated toxin (1.6-h lag), which in turn was 
approximately twice that of native DT (0.8-h lag). This shows 




(1 ■ 10 •♦Ml 



, 1 I I I I J i 

TIME (hf| 

Fig. 1. Effects of alternative receptors on the kinetics of 
intoxication. Jurkat cells were incubated with DT, transferrin 
(T/n)-CRM 107, or UCHTl-CRM 107 foT the indicated times, fol- 
lowed by a 30-min pulse with [ l4 C] leucine. Cells were harvested, and 
l4 C incorporation was calculated as a percentage of mock-treated 
control cultures. A, concentrations of DT, UCHTl-CRM 107, and 
transferrin-CRM 107 producing the same rate of protein synthesis 
inactivation were compared. DT (1 X 10~ 7 m), UCHTl-CRM 107 (3 
x 10- 10 m), Tfn-CRM 107 (2.5 x 10 " m). B t concentrations of DT, 
UCHTl-CRM 107, and transferrin-CRM 107 producing the same lag 
time were compared DT (3.7 X 10~* M), UCHTl-CRM 107 (3 x 10""° 
M), Trn-CRM 107 (1 x lO^ 10 m). 



that the receptor plays a role in determining the length of lag 
time before a given rate of protein synthesis inactivation 
begins. 

When DT and the two CRM 107 conjugates were compared 
at concentrations producing the same lag time, the rates of 
intoxication varied greatly (Fig. 15). Measured in logs/hour, 
transferrin-CRM 107 killed at double the rate of UCHTl- 
CRM 107 and approximately three times the rate of native 
DT after an identical lag time. DT assayed on Vero showed 
the same lag time and the same rate of protein synthesis 
inhibition as observed with Jurkat cells, differing only in the 
concentration required to reach this effect (26). The transfer- 
rin conjugates exhibited the longest dose-dependent lag 
period; but at the end of this lag they killed the most rapidly. 
Our results show that the ratio of lag time to first-order 
inactivation rate constant varies greatly depending upon the 
receptor used by DT. The receptor therefore defines the 
kinetics of cell killing. 

Raso and Basala (27) conjugated transferrin with ricin A 
chain and measured the kinetics of intoxication. Using CEM 
cells, they found that the transferrin -ricin A chain conjugate 
(1 X 10" 9 M) required 35 h to kill 50% of the cells. In contrast, 
we observed that the identical concentration of transferrin- 
CRM 107 required only 1.8 h to kill 50% of CEM cells (data 
not shown). This demonstrates that the B chain entry func- 
tion of DT increased the killing rate 20-fold over ricin A 
chain. The B chain of ricin has been shown to accelerate 
killing rate only 5-fold (28). 

Table III shows a comparison of the killing rates of the 
toxins and conjugates. The rate constant per bound immu- 
notoxin (K X 5 x \{f/B) is calculated to allow an accurate 
comparison of the killing mediated by different receptors on 
a variety of different cell types. It should be noted that the n 
and K a values used in these calculations were taken from the 
literature and assumed to be identical both for the ligand 
alone and for the immunotoxin. 

It was previously shown that UCHTl-DT was 10 times 
faster than UCHT1 -ricin or TlOl-ricin (16). Transferrin-DT 
and transferrin-CRM 107, assayed on the same cell line 
(Jurkat), have killing rates approximately three times higher 
than UCHTl-DT. This demonstrates that the receptor plays 
an important role in the killing rate of the toxin. The native 
DT receptor is no more efficient than the transferrin receptor 
at mediating DT entry; and in some cell lines such as K562, 
the transferrin receptor is more efficient at mediating DT 
toxicity than is the DT receptor in Vero cells (Table III). 

The kinetics of unconjugated CRM 107 on Vero cells was 
slower than native DT. However, since the concentration of 
CRM 107 required to give comparable number of toxin mol- 
ecules bound was 4 logs higher than the concentration of DT, 
this difference may be due to a small error in the calculation 
of the amount bound, 

UCHT1, conjugated to DT or to CRM 107, had a compar- 
able killing rate (Table III). Similarly, the killing rates of DT 
or CRM 107 conjugated with transferrin were identical (Table 
III). Therefore, altering the binding site of the toxin portion 
of the conjugates had little or no effect on the kinetics of 
intoxication. 

Role of the Anion Antiporter in Toxin Conjugate Translo- 
cation— Sandvig and co-workers (4-8) have reported that a 
potent inhibitor of the anion antiporter, SITS, inhibits DT 
binding and toxicity in Vero cells. These authors propose that 
the Na*-independent anion antiporter (or a molecule closely 
linked to it) acts as the DT receptor and plays a role in its 
translocation to the cytosol. Furthermore, they suggest that 
an ion flux through the antiporter is associated with DT 



1298 



Role of DT Receptors in Translocation 



Table III 
Comparison of immunotoxin kinetics 



Immunotoxin 


Cell 
line 






Ref. 




Lag 

time" 


t * 






n 


AT 1 




M 


h 


h 


UCHTl-DT 


Jurkat 


1 X 10* 


1 X 


53, 16 


5 X 10' 10 


1.6 


7.0 








10 10 








UCHT1-CRM 107 


Jurkat 


1 X 10 6 


1 X 


53, 16 


3 X 10~ 10 


1.6 


6.7 








10 l ° 








Tfn'-DT 


K562 


1.5 X 10 6 


5.3 X 10* 


25 


1 X 10 -9 


1.2 


2.1 


Tfn-CRM 107 


K562 


1.5 X 10* 


5.3 X 10 s 


25 


1 X 10" 9 


0.7 


1.5 


Tm-DT 


CEM 


6 X 10 4 


IX 
10" 


31 


1 x 10- 9 


1.8 


4.8 


Tfn-CRM 107 


CEM 


6X 10 4 


IX 
10" 


31 


1 X 10" 9 


1.1 


3.3 


Tfn-DT 


Jurkat 


6X 10 4 


IX 
10" 


f 


1 X lO" 1 * 


3.0 


5.8 


Tfn-CRM 107 


Jurkat 


6X 10 4 


IX 
10" 


t 


1 X 10" 10 


1.8 


4.0 


DT 


Vero 


1.6 X 10 6 


1X10 9 


3 


1 x 10'* 


0.15 


2.2 


CRM 107 


Vero 


1.6 X 10 5 


1.25 X 10 5 


13 


1 x 10- 6 


0.8 


4.2 



First-order 
inactivation 
rate constant' 



Immunotoxins 
bound/cell - 



Rate 
constant/bound 
immunotoxin* 



KbT 1 
0.43 

0.45 

2.5 
3.0 
0.8 

1.1 

0.84 

1.05 

1.12 
0.67 



B 


(7fx5x tO*)/B 


8.3 X 10 4 


2.6 


i.O ill 


o.U 


5.2 X 10 4 


24.2 


5.2 X 10 4 


28.9 


6X10 4 


6.3 


6X 10 4 


9.0 


5.9 X 10 4 


7.1* 


5.9 X 10 4 


8.9* 


8X 10 4 


7.0 


8.9 X 10 4 


3.8 



0 Lag time is the time required before first-order inactivation of protein synthesis begins. 

* £, 0 is the time required for 90% inhibition of protein synthesis. 

' The first-order rate constant for protein synthesis inhibition is: In 10/(t 10 - lag time). 

* Immunotoxins bound per cell were calculated by the following formula: B = (nK a (F))/(l + KJF)). 
' The first-order rate constant is for 5 x 10 & immunotoxins bound per cell. 

'Tfn, transferrin. 

' Values for n and K* on Jurkat cells were assumed to be similar to those found on the other T-cell line, CEM 
(31). This may, however, represent an underestimation of the rate constant per bound immunotoxin. If the K a on 
Jurkat is similar to that found on mixed peripheral mononuclear cells (4 X 10 7 ) (54), the rate constant per bound 
immunotoxin greatly increases. 



translocation. Since we found that alternative cell-surface 
receptors are as effective or more effective in transporting the 
toxin to the cytosol than the native DT receptor, we examined 
the role of the anion antiporter in the translocation of the 
conjugates to the cytosol. Specifically, if toxins bind via other 
cell-surface receptors (T3, transferrin receptor, or Thyl) 
rather than via the anion antiporter, is it still necessary for 
the toxin to translocate through the anion antiporter to 
inactive protein synthesis? 

CRM 107 conjugates enable us, for the first time, to inves- 
tigate accurately the role of DT receptor binding in translo- 
cation. Binding of the conjugate is mediated by the new 
binding moiety and not by a combination of the new sites and 
the DT receptor (Table II). Therefore, the effect of SITS on 
CRM 107 conjugate toxicity will indicate the role of the anion 
antiporter in translocation, independent from its role in bind- 
ing. 

Various cell lines were preincubated with 1 mM SITS and 
then exposed to native DT, CRM 107, or the toxin conjugates. 
Sandvig and co-workers (4, 7) used Vero cells derived from 
monkey kidney to show that SITS blocked both binding and 
translocation of DT. Human transferrin, unlike many mono- 
clonal antibodies, is able to cross species boundaries and to 
bind to monkey transferrin receptors (29). This therefore 
enables us to evaluate the effect of SITS on the transferrin- 
CRM 107 conjugate in an identical cell line as used for 
previously published reports. Fig. 2A shows that 1 mM SITS 
blocked DT toxicity 33-fold in a 5-h assay. In contrast, 
transferrin-CRM 107 exhibited only a 5 -fold block of toxicity 
when cells were preincubated with SITS. The effect of SITS 
on the transferrin-toxin conjugates was also analyzed on 
Jurkat cells. Transferrin-CRM 107 was inhibited 10-fold by 
preincubating the cells with SITS, whereas native DT was 
inhibited 100-fold (Fig. 2B). 

In a 16-h assay, again using Jurkat cells, SITS blocked the 
toxicity of UCHT1-CRM 107 only 2-fold and native DT 33- 
fold (Fig. 2C). 



Jurkat cells, transfected with the mouse gene for Thy 1.2 
(15), were used to evaluate the effect of an immunotoxin 
generated by conjugating an anti-Thyl antibody, 3A7, with 
DT (Fig. 2D). The 3A7-DT conjugate displayed a similar IC^ 
to that of native DT. However, preincubation with SITS 
produced very different effects on native DT than the im- 
munotoxin. SITS blocked native DT 10-fold, but had no effect 
on the 3A7-DT immunotoxin. 

We therefore found that, whereas DT was blocked 10-100- 
fold by SITS, three alternative receptors for DT (transferrin, 
T3, and Thyl) exhibited a 0-10-fold block on toxicity when 
preincubated with SITS. Thus, the potent toxicity of DT or 
CRM 107 linked to new binding moieties does not appear to 
depend on their translocation through the SITS-inhibitable 
anion antiporter. 

Role of the Receptor in Murine Resistance to DT— The 
mouse T-cell lymphoma line EL-4 was assayed for its sensi- 
tivity to DT alone and the transferrin-CRM 107 conjugate. 
Characteristic of mouse cells, EL-4 cells are 1,000-fold less 
sensitive to DT toxicity than are K562 cells. Protein synthesis 
is inhibited 50% by 2.8 X 10~ 7 M DT (Fig. 3). This resistance 
is fully overcome by conjugating the toxin moiety to transfer- 
rin. The IC 60 of transferrin-CRM 107 is 8 X 10~ 32 M, repre- 
senting a 35,000-fold increase in toxicity over DT alone. 
Similar results were obtained using another murine cell line, 
WEHI-7; the ICco of transferrin-CRM 107 was 4.8 X 10"" 12 M, 
50,000-fold lower than that of native DT (data not shown). 

The killing rate of transferrin-CRM 107 was compared for 
human and murine cell lines. Murine EL-4 cells have 3.9 x 
10 4 transferrin receptors/cell (30), which is similar to the 
number of receptors found on human CEM cells (6 X 10 4 ) 
(31). If the affinity of human transferrin for EL-4 cells is as 
high as it is for CEM cells, then the rate constant per bound 
transferrin-CRM 107 conjugate is 6.3 for EL-4 cells (data not 
shown) compared to 9.0 for CEM cells (Table III). If the 
affinity of human transferrin for murine transferrin receptors 
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Fig. 2. Effect of SITS on native DT and toxin conjugates. Cells were preincubated for 30 min with 1 mM 
SITS. Control cells were preincubated with phosphate -buffered saline containing 0.2% bovine serum albumin. Pre- 
exposure of cells to SITS is indicated by open symbols and broken lines. Toxins were then added, and the cells were 
incubated for the specified amount of time, followed by a 1-h pulse with [ u C]leucine. A, Vero cells exposed to DT 
(•) or transferrin-CRM 107 (A) for 24 h; fi, Jurkat cells exposed to DT (•) or transferrin -CRM 107 (A) for 5 h; 
C, Jurkat cells exposed to DT (•) or UCHTl-CRM 107 (A) for 16 h; Z), Jurkat cells transfected with Thyl gene 
exposed to DT (•) or 3A7-DT (A) for 5 h. 
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Pig. 3. Response of EL-4 murine cells and K562 human 
cells to the transferrin-CRM 107 conjugate and native DT in 
a 24-h assay. O and DT; A and A, transferrin-CRM 107; A and 
O, K562 cells; A and EL4 cells. 

is lower than it is for hurnans, the rate constant for murine 
cells increases. In spite of this potential for underestimation, 
the kinetics of killing of transferrin-CRM 107 on murine cells 
is as efficient as that for DT on Vero cells. The fact that the 
natural resistance of murine cells to DT could be overcome 
by supplying a new binding moiety suggests that the defect in 
the mouse is at the level of the DT receptor and is not a 
defect in translocation activity. 

discussion 

CRM 107 has a phenylalanine at positions 390 and 525 of 
the DT sequence, resulting in a 10,000-fold reduction in 
toxicity and an 8,000-fold decrease in binding activity relative 
to native DT (13). In this report, we use the binding mutant 
CRM 107 to investigate the role of the receptor in the intox- 
ication process. By linking several new binding moieties to 
CRM 107, we were able to investigate: 1) the role of the toxin- 
binding site in the entry of toxin conjugates; 2) the role of 
new DT receptors in the kinetics of entry to the cytosol; 3) 



the role of the anion antiporter, the proposed DT receptor, in 
the translocation of toxin conjugates; and 4) the nature of the 
defect in mouse that results in resistance of mouse cells to 
DT. 

The kinetics of transferrin and UCHT1 linked to DT and 
CRM 107 were compared with native DT. Binding moieties 
linked to DT or CRM 107 had comparable killing rates, 
indicating that altering the binding site of the toxin portion 
of the conjugate had no effect on the kinetics of intoxication. 
However, the binding moiety (DT, transferrin, or UCHT1) 
was found to determine the ratio of the lag period to the 
killing rate. 

The transferrin-toxin conjugates are characterized by an 
extremely long lag period, followed by a rapid killing rate. 
The dose-dependent lag time before the inhibition of protein 
synthesis begins is thought to represent a processing event 
(26, 32, 33). Transferrin has extremely rapid internalization 
and recycling, with the entire transferrin cycle taking only 4- 
5 min in K562 cells (34, 35). Up to 30 successive cycles of 
transferrin-CRM 107 recycling may be possible before protein 
synthesis inhibition occurs. Alternatively, the conjugate may 
be internalized by another transferrin route (36-38) that 
requires a longer time to initiate intoxication. 

The anion antiporter has been proposed to be the site for 
both DT binding and translocation (4-8). However, we found 
that alternative binding moieties were as effective as the 
native DT receptor in the translocation of the toxin to the 
cytosol. We therefore investigated the role of the anion anti- 
porter in the binding and translocation of the conjugates. We 
observed a 10-100-fold block of native DT by SITS. In con- 
trast, we found that three alternative receptors for DT (trans- 
ferrin, T3, and Thyl) were not blocked or were blocked to a 
lesser degree by SITS (0-10-fold). We conclude that the 
potent toxicity of DT or CRM 107, when linked to new 
binding moieties, does not depend on their translocation 
through the SITS-inhibitable anion antiporter. SITS has been 
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reported to produce an increase in intracellular pH in other 
cell systems (39, 40). Therefore, the small blocking of DT 
conjugates observed with SITS may result from alterations in 
intracellular vesicle pH or other pleiotropic effects of SITS 
on cell physiology. 

We used transferrin-CRM 107 to investigate the nature of 
the resistance to DT found in mouse cells. There are conflict- 
ing reports in the literature attributing the nature of the 
resistance to a defect at the receptor binding level (41, 42), at 
the receptor affinity level (43), or at the translocation level 
(44). The mouse resistance to DT was fully overcome by 
conjugating CRM 107 with transferrin, thereby allowing toxin 
binding to be mediated by the transferrin. Similar results were 
observed by transferrin -DT conjugates (45). These results 
demonstrate that the DT-binding sites, shown to exist on 
murine cells (44, 46, 47), are not functional receptors in that 
they do not lead to intoxication in cells fully capable of 
translocating DT to the cytosol via alternative receptors. 

Our results are consistent with a simple model of DT entry 
into cells. First, diphtheria toxin binds cell surface receptors 
via the C -terminal region of the B subunit (48) involving 
amino acids 508 and either 525 or 390 (13). A second essential 
step is endocytosis to low pH compartments. This was first 
indicated by the fact that NH 4 C1 and other reagents that 
increase the pH of intracellular compartments block DT 
toxicity (49) and more recently by the demonstration that 
exposure of cells to low pH circumvents this block (50, 51). 
The extremely efficient killing rate of transferrin-CRM 107 
may be reflective of the close parallels between DT and 
transferrin endocytosis and processing. A low pH environ- 
ment is required for the diferric form of transferrin to release 
its iron and for apotransferrin to be recycled back to the cell 
surface. By linking CRM 107 with transferrin, we have not 
only provided a new binding moiety but have also selected a 
receptor-Hgand complex that is rapidly internalized to an 
environment that facilitates toxin translocation. Transloca- 
tion out of the endosome to the cytosol appears to be carried 
out by the DT B chain because DT conjugates that lack the 
B subunit, such as UCHTl-DTA chain, are 10,000-fold less 
toxic than those that contain the B chain (52). The translo- 
cation step is enhanced 100-fold by the N -terminal half of the 
DT B chain and a further 100-fold in conjugates that also 
contain the C-terminal half of the B chain (52). This step 
does not appear to require the DT B chain-binding site 
because CRM 107 conjugates are equal in translocation activ- 
ity to conjugates with native B chain. 

Antibody and transferrin-CRM 107 conjugates are unique 
and powerful reagents to examine DT toxicity because each 
of four steps is carried out by a separate domain. Cell-surface 
binding is mediated by the antibody or transferrin portion of 
the toxin conjugate, whereas endocytosis to low pH compart- 
ments is mediated by the cell-surface receptor. Translocation 
across the intracellular compartment membrane to the cytosol 
is performed by the B subunit of CRM 107, and inactivation 
of protein synthesis is mediated by the A subunit. The toxin 
conjugates allow the pathway to be dissected and the role of 
the individual functions to be separated and studied inde- 
pendently and quantitatively. 



Acknowledgments— We gratefully acknowledge Dr. Ethan Shevach 
and Dr. Kurt Gunter for providing the rat anti-Thyl antibody and 
the transfected Jurkat cell line. We also thank Lynn Schofield for 
skillfully typing the manuscript. 

REFERENCES 

1. Collier, R. J. (1975) Bacterid Rev. 39, 54-86 

2. Ittelson, T. R., and Gill, D. M. (1973) Nature 242, 330-332 

3. Middlebrook, J. L., Dorland, R. B., and Leppla, S. H. (1978) J. Biol. Chem. 

253 7325-7330 

4. Sandvig, K., and Olsnes, S. (1984) J. Cell. Physiol. 119, 7-14 

5. Olsnes, S., and Sandvig, K. (19B6) J. Biol Chem, 261, 1542-1552 

6. Olsnes, S., and Sandvig, K. (1986) J. Biol Chem. 261, 1553-1561 

7. Olsnes, S., Carvajal, E., and Sandvig, K. (1986) «/. Biol Chem, 261, 1562- 

1569 

8. Sandvig, K., and Olsnes, S. (1986) J. Biol. Chem. 261, 1570-1575 

9. Eisenberg, D., Schwartz, E., Komaromy, M., and Wall, R. (19B4) J. Moi 

Biol 179, 125-142 

10. Boquet, P., Silverman, M. S., Pappenheimer, A. M., and Vernon, W. B. 

(1976) Proc. Natl. Acad. Sci. U. S. A. 73, 4449-4453 

11. Sandvig, K, and Olsnes, S. (1981) J. Biol. Chem, 256, 9068-9076 

12. Donovan, J. J.. Simon, M. I., Draper, R. K., and Montal, M. (1981) Proc, 

Natl. Acad. Sci V. S. A. 78, 172-176 

13. Greenfield, L., Johnson, V. G., and Youle, R. J. (1987) Science 238, 536- 

539 

14. Laird, W., and Groman, N. (1976) J. Virol 19, 220-227 

15. Gunter, K. C, Kroczek, R. A., Shevach, E. M., and Germain, R. N. (1986) 

J. Exp. Med. 163, 285-300 

16. Youle, R. J., Uckun, F. M., Vallera, D. A., and Colombatti, M. (1986) J. 

Immunol. 136, 93-98 

17. Logdberg, L., Gunter, K. C, and Shevach, E. M. (1985) J. Immunol 

Methods 79, 239-249 

18. Shindelman, A. E., Ortmeyer, A. E., and Sussman, H. H. (1981) Int. J. 

Cancer 27, 329-334 

19. Youle, R. J., and Neville, D. M. (1979) J. Biol Chem. 254, 11089-11096 

20. Lowry, O. H., Rosebrough, N. J„ Farr, A. L., and Randall, R. J. (1951) J. 

Biol. Chem. 193, 265-275 

21. Zoviukian, J.. Johnson, V. G., and Youle, R. J. (1987) J. Neurosurg. 66, 

850-861 

22. Trowbridge, I. S., and Omary, M. B. (1981) Proc. Natl Acad. Sci U. S. A. 

78, 3039-3043 

23. Gatter, K. C, Brown, C, Trowbridge, I. S., Woolston, R. E., and Mason, 

D. Y. (1983) J. Clin. Pathol 36, 539-545 

24. Trowbridge, 1. S., and Domingo, D. L. (1981) Nature 294, 171-173 

25. van Renswoude, J., Bridges, K. R., Harford, J. B., and Klausner, R. D. 

(1982) Proc. Natl Acad. ScL U. S. A. 79, 6186-6190 

26. Hudson, T. H., and Neville, D. M. (1985) J. Biol Chem, 260, 2675-2680 

27. Raso, V., and Basala, M. (1984) J. Biol Chem. 269, 1143-1149 

28. Youle, R. J., and Neville, D. M. (1982) J. Biol Chem. 257, 1598-1601 

29. Aisen, P., and LUtowaky, I. (1980) Annu. Rev. Biochem, 49, 357-393 

30. Lesley, J. F., and Schulte, R. J. (1984) Mol Cell. Biol 4, 1675-1681 

31. Larrick, J. W., and Cresswell, P. (1979) Biochim. Biophys. Acta 583, 483- 

490 

32. Bacha, P., Murphy, J. R., and Moynihan, M. (1980) J. Biol Chem. 255, 

10658-10662 

33. Esworthy, R. S., and Neville, D. M. (1984) J. Biol Chem. 259, 11496- 

11504 

34. Klausner, R. D., Ashwell, G., van Renswoude, J., Harford, J. B., and Bridges, 

K. R. (1983) Proc. Natl Acad. Sci U. S. A. 80, 2263-2266 

35. Klausner, R. D., van Renswoude, J., Ashwell, G., Kempf, C, Schechter, A. 

N., Dean, A., and Bridges, K. R. (1983) J. Biol Chem. 258, 4715-4724 

36. Snider, M. D., and Rogers, O- C. (1985) J. Cell Biol 100, 826-834 

37. Stein, B. S., and Sussman, H. H. (1986) J. Biol Chem. 261, 10319-10331 

38. Snider, M. D., and Rogers, O. C. (1986) J. Cell Biol 103, 265-275 

39. Ullrich, K. J., Capasso, G., Rumrich, G., Papavassiliou, F., and Kloss, S. 

(1977) Pfluegers Arch. Eur. J. Physiol 368, 245-252 

40. Cabantchik, Z. 1., Knauf, P. A., and Rothstein, A. (1978) Biochim. Biophys. 

Acta 515, 239-302 

41. Proia, R. L. f Ha»t, D. A., Holmes, R. K., Holmes, K. V., and Eidels, L. 

(1979) Proc. Natl Acad. Sci U. S. A. 76, 685-689 

42. Boquet, P., and Pappenheimer, A. M. (1976) J. Biol Chem. 251, 5770- 

5778 

43. Heagy, W, E., and Neville, D. M. (1981) J. Biol Chem. 256, 12788-12792 

44. Keen, J. H., Maxfield, F. R., Hardegree, M. C. and Habig, W. H. (1982) 

Proc. Natl Acad. Sci U. S. A. 79, 2912-2916 

45. O'Keefe, D. O., and Draper, R. K. (1985) J. Biol Chem. 260, 932-937 

46. Didabury, J. R., Moehring, J. M., and Moehring, T. J. (1983) Mol Cell 

Biol 3, 1283-1294 

47. Chang, T., and Neville. D. M. (1978) J. Biol Chem. 253, 6866-6871 

48. Proia, R. L„ Wray, S. K., Hart, D. A., and Eidels, L. (1980) J. Biol Chem. 

255, 12025-12033 

49. Kim, K., and Groman, N. B. (1965) J. Bacteriol. 90, 1552-1556 

50. Sandvig, K, and OUnes, S. (1980) J. Cell Biol 87, 828-832 

51. Draper, R. K., and Simon, M. I. (1980) J. Cell Biol. 87, 849-854 

52. Colombatti, M., Greenfield, L, and Youle, R. J. (1986) J. Biol Chem. 261, 

3030-3035 

53. Burns, G. F., Boyd, A. W., and Beverley, P. C. L. (1982) J. Immunol 129, 

1451-1457 

54. Phillips, J. L. (1976) Biochem. Biophys. Res. Commun. 72, 634-639 



4 



From: 
Sent: 
To: 

Subject: 



Canella, Karen 

Thursday, February 13, 2003 7.37 PM 
STIC-ILL 

ill order 10/033,577 



Art Unit 1642 Location 8E12(mail) 
Telephone Number 308-8362 
Application Number 10/033,577 




1. 

C 2 1 



Cancer Treatment and Research, 1988, Vol. 37, pp. 113-122 



J of Neurosurgery, 1989 Feb, 70(2):240^24E 



3 Journal of Biological Chemistry: 

1988 Jan 25, 263(3): 1295-1 300 
1986 Mar 5, 261(7):3030-3035 

4. Science, 1987 Oct 23, 238(4826):536-539 

5. Journal of the National Cancer Institute, 2002 Apr 17, 94(8):597-606 




J Neurosurg 70:240-248, 1989 



Impn 
DT I 



If 



n 

II 
11 

i j 



Improved tumor-specific immunotoxins in the treatment 
of CNS and leptomeningeal neoplasia 

Virginia G. Johnson, Ph.D., Charles Wrobel, MJX, Debra Wilson, BJS., 

John Zovickian, M.D., Larry Greenfield, M.D., Edward H. Oldfield, M.D., and 

Richard Youle, Ph.D. 

Surgical Neurology Branch, National Institute of Neurological Communicative Diseases and Stroke 
National Institutes of Health, Bethesda, Maryland; and Department of Microbial Genetics Cetus 
Corporation, Emeryville, California ' 

^ A " ovel an tibody-toxin conjugate has been developed for use in cancer therapy. This report demonstrates 
that this new reagent selectively kills glioblastoma- and medulloblastoma^erived cell lines, medulloblastoma 
™ n P" maf y ™ ] } UK > and ce » !i nes derived from tumors commonly metastatic to the cerebrospinal fluid 
n m cient taUin8 of human tumor cells occurred at concentrations between 3.9 x l(T i3 M and 1 1 x 
1(T M, whereas guinea pigs and rhesus monkeys tolerated intrathecal levels of 2 x 10" 9 M. Cerebrospinal 
fluid from normal humans and from brain-tumor patients does not inhibit the in vitro efficacy of this reagent 
The wide therapeutic window, extreme potency, and general appUcability of this antibody-toxin conjugate 
against CSF-borne primary or metastatic tumors warrants clinical trials. 
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Current treatments utilizing surgery, radiation 
therapy, and systemic chemotherapy have done 
little to alter the natural outcome of many 
malignant tumors of the central nervous system (CNS). 
Immunotoxins (protein toxins chemically linked to tu- 
mor-specific monoclonal antibodies or other ligands) 
offer potential advantage over more conventional forms 
of treatment by having higher tumor specificity. 

Immunotoxins may be particularly efficacious for 
the treatment of neoplastic disease confined to com- 
partments such as the peritoneum or intrathecal space. 
Direct delivery into the compartment avoids compli- 
cations associated with systemic delivery and produces 
relatively high local concentrations, thereby achieving 
greater therapeutic effects. The cerebrospinal fluid 
(CSF) compartment may be amenable to this type of 
compartmentalized immunotoxin treatment. Zovick- 
ian and Youle 34 examined the therapeutic effect of a 
monoclonal antibody-ricin immunotoxin, delivered di- 
rectly into the CSF compartment in a guinea pig model 
of leptomeningeal neoplasia. Immunotoxin therapy ex- 
tended survival, corresponding to a 2 to 5 log kill of 
tumor cells, without detectable toxicity. 

Protein toxins used in the construction of immuno- 
toxins have an A and B subunit. The A subunit cata- 
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lyzes the inactivation of protein synthesis, resulting 
ultimately in cell death. The B subunit has two func- 
tions: it is responsible for toxin-binding to the cell 
surface, and it facilitates the translocation of the A 
chain across the membrane and into the cytosol, where 
the A chain acts to kill cells (Fig. 1). Previously, two 
general types of immunotoxins have been used. Im- 
munotoxins made with the complete toxin molecule (A 
and B chains) have the complication of nonspecific 
killing mediated by the toxin B chain binding site. This 
can be avoided by eliminating the B chain and linking 
only the A chain to the antibody. However, A chain 
immunotoxins, although more specific, are much less 
toxic to tumor cells. 4 In addition to a binding function, 
the B chain has an entry function, which facilitates the 
translocation of the A chain across the membrane and 
into the cytosol (Fig. 1). Since A chain immunotoxins 
lack the entry function of the B chain, they are less 
toxic than their intact toxin couterparts containing the 
complete B chain. An ideal toxin for immunotoxin 
construction would contain the A chain enzymatic 
function and the B chain translocation function, but 
not the B chain binding function. 

We have recently described a new, genetically engi- 
neered toxin that offers these major advantages. 9 ,: This 
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Fig. 1. Diagrammatic representation of diphtheria toxin 
(DT), CRM 107, and DT A chain structure and function. 
Native DT is composed of an A and B subunit, with the A 
chain containing the enzymatic function and the B chain 
containing the binding and translocation functions. Two point 
mutations in CRM 107 inactivate the toxin binding function 
but leave the translocation and enzymatic functions intact. 
Toxin A chain contains only the enzymatic function. 

toxin, called CRM 107, is identical to diphtheria toxin 
(DT) except for two amino acid changes in the B chain. 
These two point mutations inactivate toxin binding 
8000-fold but leave the translocation function intact. 
Immunotoxins made with CRM 107 therefore have the 
advantage of the lower nontarget-cell toxicity of A 
chain conjugates but retain a 10,000-fold increase in 
tumor-specific toxicity similar to that found for im- 
munotoxins made with complete toxin molecules. 9 

The tremendous potential of CRM 107 for use in 
immunotoxins together with the advantage of CSF 
compartmentalized delivery may result in effective 
treatment for tumors in the CNS, The transferrin recep- 
tor (TfR) has been chosen as the target for these im- 
munotoxins. Expression of TfR increases during cell 
replication in order to fulfill the dividing cell's need for 
iron. Since tumor cells are dividing while normal cells 
in the CNS parenchyma are quiescent, the TfR should 
provide an effective target for immunotoxin therapy. It 
has previously been shown that TfR's are expressed on 
human medulloblastoma and glioblastoma cells. 31 This 
report demonstrates that transferrin (Tf) or an anti-TfR 
monoclonal antibody conjugated to CRM 107 has po- 
tential for effective treatment of medulloblastoma and 
breast leptomeningeal carcinomatosis. 

Materials and Methods 

Established Cell Lines 

The SNB75 cell line was established by primary ex- 
plants from a tumor removed from a 72-year-old woman 
with a bifrontal glioblastoma multiforme. SNB101 was 
also established by primary explants from a glioblasto- 
ma multiforme removed from the right parietal lobe of 
a 49-year-old man. SNB40 was derived from primary 
explants of a medulloblastoma surgically removed from 
the posterior fossa of an 8-year-old boy. At the time of 
this study, SNB75 was in its 48th passage, SNB 1 0 1 in its 
14th passage, and SNB40 in its 20th passage. U251 is 
a cell line of human glioma origin adapted to culture 
by J. Ponten and B. Westermark at the University of 
Uppsala, Uppsala, Sweden.- 0 29 At the time of this study, 



U25 1 was in its 37th passage. TE67 1 * is derived from a 
human medulloblastoma.' 8 All of these cell lines were 
maintained in Dulbecco*s minimum essential medium 
(DMEM) containing 10% fetal calf serum (FCS), 2 mM 
glutamine, 1 mM sodium pyruvate, 0. 1 mM nonessential 
amino acids, and 10 /*g/ml gentamicin. 

Three cell lines from human breast cancers were 
examined. MCF-7, a breast adenocarcinoma-derived cell 
line, 24 was maintained in DMEM containing the sup- 
plements described above plus 10 Mg/ml insulin. ZR- 
75-1, a cell line derived from a malignant ascitic effu- 
sion of a patient with infiltrating ductal carcinoma,' 
was maintained in RPMI 1640 medium containing 
10% FCS, 10 mM HEPES, 20 /*g/ml gentamicin, and 
2 mM glutamine. T47D, a cell line derived from an 
infiltrating ductal carcinoma, 13 was grown in RPMI 
1640 medium as described above with the addition of 
10 Mg/ml insulin. All breast-derived cell lines were a gift 
from Dr. J. Greiner and Dr. J. Schlom. 

Primary Medulloblastoma Cultures 

Since established cell lines long adapted to culture 
conditions could conceivably possess Tf requirements 
and receptor levels different from those of the original 
cells, we established two primary medulloblastoma cul- 
tures and determined sensitivity to Tf-CRM 107. The 
SNB 104 cell line was established from biopsy of a 
midline cerebellar vermian mass in an 1 8-year-old man, 
and SNB 105 was derived from a midline posterior fossa 
tumor in a 5-year-old girl. In both cases, fresh tumor 
was transported to the laboratory in Eagle's minimum 
essential medium (MEM) with 10% FCS. Tumors were 
mechanically and then enzymatically dissociated ac- 
cording to previously described techniques 1 1 and cul- 
tured at a density of 1 to 5 x 10 5 cells/ml in 75 sq cm 
tissue culture flasks. The culture medium consisted of 
Eagle's MEM with Earle's salts supplemented with 10% 
FCS, 1% nonessential amino acids, 1 mM sodium 
pyruvate, 2 mM L-glutamine, penicillin (100,000 **/ 
liter), streptomycin (100 mg/liter), and Fungizone (am- 
photericin B, 0.25 mg/liter). Cultures attained 50% 
confluence within 10 to 14 days, at which time trypsin- 
ization, transfer to 96 well plates, and cytotoxicity 
testing were performed as described below. 

Synthesis and Purification of CRM 107 
Immunotoxins 

CRM 107, isolated by Laird and Groman, 14 was 
purified as described previously.' 2 Human Tff was 
loaded with iron according to the method of Shindel- 
man, et alp Conjugation of Tf with CRM 107 was 
accomplished by first generating free sulfhydryl groups 
on Tf with 2-iminothiolane, which was dissolved in 0.8 
boric acid (pH 8.5) and incubated with Tf in an 8:1 



♦TE671 cell line obtained from American Type Culture 
Collection, Rockville, Maryland. 

t Human transferrin obtained from Sigma Chemical Co., 
St. Louis, Missouri. 
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molar ratio. The modified Tf was kept at room tem- 
perature for 1 hour, then separated from free 2-imino- 
thiolane by gel filtration on a Sephadex G-25 gel fil- 
tration column equilibrated with phosphate-buffered 
saline (PBS). The Afunctional cross-linking agent, M- 
maleimido-benzoyl-N-hydroxysuccinimidyl (MBS) es- 
ter, was used to link Tf to CRM 1 07; MBS was dissolved 
in dimethylformamide and added in five-fold molar 
excess to the toxin. The mixture was incubated for 30 
minutes at room temperature, then separated by chro- 
matography on a Sephadex G-25 gel filtration column. 
The MBS-conjugated toxin was mixed with thiolated 
Tf in 1:1.3 molar ratio and incubated for 3 hours at 
room temperature; the toxin-conjugate was then puri- 
fied by gel filtration on a TSK-3000 high-performance 
liquid chromatography column. One-minute fractions 
were collected and individual fractions were tested for 
toxicity using protein synthesis inhibition. Peak frac- 
tions of the toxin conjugate were pooled and then A 
chain activity in this pooled peak was quantified using 
the elongation factor 2 (EF-2) adenosine diphosphate 
(ADP)-ribosylation assay. This pooled peak was used 
for all further experiments. 

The anti-TfR monoclonal antibody, 454AI2, was 
prepared as previously reported. 8 It was linked to CRM 
107 as described above. This antibody was also conju- 
gated with recombinant ricin toxin A chain (RTA) as 
described by Bjorn, et air 

ADP-Ribosylation Assay 

The concentration of the CRM 107 immunotoxins 
was determined using an ADP-ribosylation assay. This 
assay measures the ability of the CRM 107 immuno- 
toxins to catalyze the transfer of ADP-ribose from 
nicotinamide-adenine dinucleotide (NAD) to EF-2. 

Elongation factor 2 was purified from rat liver cells 
following a procedure described previously. 3 ADP-ri- 
bosylation was carried out in 80-m1 reaction mixtures 
containing 40 fi\ 0.01 M Tris-HCl buffer, with 1.0 M 
dithiothreitol (pH 8.0), 20 pi EF-2, and 10 /il toxin 
sample. The reaction was initiated by the addition of 
10 ii\ of phosphate-32-labeled NAD (1.2 pCi, specific 
activity 277 Ci/mmol, adjusted to 180 pM with cold 
NAD). Reaction mixtures were incubated at room tem- 
perature for 20 minutes and the reaction was stopped 
by the addition of 1 ml 10% trichloroacetic acid (TCA). 
The precipitate was washed once with 10% TCA, solu- 
bilized in 0.1 M NaOH, and counted. 

The ADP-ribosylation activities of unknown samples 
were compared to values obtained from DT standards 
consisting of known concentrations of DT (values 
based on Lowry's protein determination 16 using bovine 
serum albumin (BSA) as a standard). The background 
of the assay was determined by replacing the toxin with 
Tris-HCl buffer. 

Protein Synthesis Assay 

Inhibition of protein synthesis was used to assay the 
cytotoxic effects of the toxin-conjugate. Cells were tryp- 



sinized, washed in their regular growth medium, and 
dispersed in this medium into 96-well microtiter plates 
at a density of 5 x 10* cells per well. The cells were 
allowed to reattach and grow in the 96-well plate for 24 
hours before the assay was performed. They were then 
washed twice with leucine-free RPMI medium contain- 
ing 10 mM HEPES and 10 M g/ml gentamicin but 
without FCS, and the wells were refilled to a final 
volume of 100 pi. Toxin-conjugates, toxins alone, or 
control solutions were added to the wells in 1 1-pl ali- 
quots and the cells were incubated at 37°C for 24 hours. 
At the end of this time, 20 pi of PBS containing 0.1 
pCi of carbon-14 ( ,4 C)-labeled leucine was added, in- 
cubation continued for 1 hour, and the cells were 
harvested onto glass fiber filters using a PHD cell har- 
vester.J The filters were washed with water, dried, and 
counted. All cytotoxicity assays were performed two to 
five times in triplicate. The results were expressed as a 
percentage of ,4 C-leucine incorporation in mock-treat- 
ed control cultures. 

In Vivo Toxicity 

Guinea Pig. To investigate the efficacy of intrathe- 
cal immunotoxin therapy for tumors of the CSF com- 
partment, we determined the toxicity of DT or CRM 
107 alone, or Tf-CRM 107 conjugate injected directly 
into the cisterna magna of Strain 2 guinea pigs. The 
animals were anesthetized with intraperitoneal keta- 
mine (30 to 50 mg/kg). Toxin or conjugate, suspended 
in 100 pi PBS/0.2% BSA, was slowly injected percuta- 
neously via a No. 25 needle into the cisterna magna. 
Injections were performed only after CSF was clearly 
visualized in the hub of the needle. Final concentrations 
achieved in the CSF were calculated based on a total 
guinea pig CSF volume of 500 pi. The length of survival 
was recorded as the number of days following injection 
until death. Body weight was also measured at desig- 
nated intervals and compared to that of control animals 
injected with PBS alone. 

Rhesus Monkey. A single dose of Tf-CRM 107 in 
0.5 cc normal saline containing 0.2% human serum 
albumin was administered to two anesthetized adult 
rhesus monkeys by an occiput-C-1 puncture and gentle 
barbotage. This technique is known to effect rapid 
mixing of injectant with cisternal and ventricular CSF. 7 
Venous blood for chemistry and hematology panels and 
lumbar CSF for routine studies were obtained every 
other day for 1 week and weekly thereafter. The animals 
were weighed at the same time that blood and CSF 
were collected. 

Results 

Toxicity of CRM 107 Immunotoxins on Human 
Tumor-Derived Cell Lines 

Diphtheria toxin or DT-like toxins such as CRM 107 
inhibit protein synthesis. This process can be measured 



tCell harvester manufactured by Cambridge Technology, 
Inc., Cambridge, Massachusetts. 
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for an accurate in vitro assessment of the lethal efTect 
of the toxin on cells. 

Figure 2A shows representative dose-response curves 
of the Tf-CRM 107 conjugate on four medulloblas- 
toma-derived cell lines. A steep dose-response inhibi- 
tion of protein synthesis by Tf-CRM 107 was observed 
with all the cell lines. Protein synthesis in SNB40 cells 
was blocked by Tf-CRM 107 at a 50% inhibiting con- 
centration (ICso) of 3.9 x 10" 13 M (Table 1). TE671 
cells and the primary medulloblastoma-derived cell 
line, SNB104, were also extremely sensitive to Tf-CRM 
107 (IC 5 (>:2.5 x 10" 12 M and 2.1 x 10~ 12 M, respec- 
tively), the IC 50 of Tf-CRM 107 for the other primary 
medulloblastoma derived cell line, SNB105, was 1.1 x 
10" 10 M. The receptor specificity of the Tf-CRM 107 
conjugate was demonstrated by the fact that excess free 
Tf blocked cell killing by the toxin conjugate (data not 
shown). 

Figure 2B shows the results of similar experiments 
performed on the glioblastoma-derived cell lines. As 
observed with cells derived from medulloblastoma, Tf- 
CRM 107 exhibited potent killing with all the glioblas- 
toma cells. The IC 50 for SNB75 was 6.5 x lO"" M, and 
the IC 50 for SNB101 and U251 was 5.4 x i0~ 12 M and 
2.6 x 10" 12 M, respectively. Using a monoclonal anti- 
body against the human TfR, 454A12, linked to CRM 
107 in trials with two continuous medulloblastoma cell 
lines and three glioblastoma cell lines showed IC 50 levels 
between 10" 11 and 10" 10 M, whereas, when this same 
conjugate was assayed on Vero cells, which lack the 
receptor, the IC 5 o level was 1 x 10" 8 M. 9 The therapeutic 
window between tumor and nontarget cells is therefore 
100- to 1000-fold. CRM 107 and RTA were assayed as 
free toxins, as shown in Table 1. Both free toxins 
displayed similar toxicities and were 1000 to 10,000- 
fold less toxic than the 454A12-CRM 107 immuno- 
toxin. The wide therapeutic windows between target 
and nontarget cells and between free toxin and immu- 
notoxin demonstrate that the 454A12-CRM 107 is 
highly potent and specifically toxic to brain-tumor cells. 
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Fig. 2. Cytotoxic effects of transferrin (Tf>CRM 107 on 
cells derived from medulloblastoma and glioblastoma com- 
pared to maximum tolerable levels achieved in the cerebro- 
spinal fluid of rhesus monkeys. Primary cultures or established 
cell lines were incubated for 24 hours with varying concentra- 
tions of Tf-CRM 107 followed by 1 hour of incubation with 
0.1 /iCi l4 C-leucine. Cells from triplicate cultures were then 
harvested and protein synthesis in treated cells was expressed 
as a percentage of ,4 C-leucine incorporated into untreated 
control cells. Concentrations of 2 x 10"* M of Tf-CRM 107, 
injected intrathecally into the cisterna magna of rhesus mon- 
keys, could be reached safely (vertical line). A: Dose-re- 
sponse curves for medulloblastoma-derived cells. Squares: 
SNB105; diamonds: SNB104; triangles: TE671; circles: 
SNB40. B: Dose-response curves for glioblastoma-derived 
cells. Circles: SNB75; triangles: U251; squares: SNB101. 



TABLE 1 

ICso values for CRM 107 and ricin A chain (RTA) immunotoxins* 



Tumor Cells 



medulloblastoma 
SNB40 (established) 
TE67I (established) 
SNB104 (primary) 
SNB105 (primary) 

glioblastoma 
SNB75 
SNBI01 
U251 

breast carcinoma 
MCF-7 
T47D 
ZR-75-1 



Tf-CRM 107 


454A12-CRM 107 


454A12-RTA 


CRM 107 


RTA 


3.9 x 10"" 


3.5 x 10- u 


3.3 x 10" 11 


3.0 x 10 ~ 7 


1.1 x lO" 7 


2.1 x I0" n 


2.6 x 10 " 


2.6 x 10"" 


2.8 x 10~ 7 


2.0 X 10" 7 


2.5 x 10-' 2 


not done 


not done 


not done 


not done 


1.1 x 10" 10 


not done 


not done 


not done 


not done 


6.5 x I0" n 


1.2 x JO -10 


1.5 x 10" 10 


1.6 x 1(T 7 


5.5 x 10" 7 


5.4 x 10~ 12 


3.8 x 10-" 


3.0 x 10" i0 


4.0 x 10' 8 


5.0 x 10* 7 


2.6 x I0~ 12 


1.6 x 10" M 


3.6 x 10" 1 


2.1 x 10' 7 


8.2 x 10' 8 


2.3 x lO"" 


1.2 x lO" 10 


3.2 x 10"'° 


6.0 x 10- 7 


1.1 x 10" 7 


1.1 x 10"' 2 


l.OxlO"' 0 


7.0 x 10' M 


1.3 x 10"* 


2.2 x lO" 7 


1.6 x 10~ n 


2.1 x lO -10 


3.8 x 10" 10 


2.8 x 10" 7 


1.8 x 10" 7 




* Immunotoxins and toxins were incubated with the cells for 24 hours followed by incubation of I hour with ,4 C-leucine. Cells were then 
harvested and concentrations of immunotoxin that inhibit protein synthesis by 50% of control values (ICso) were determined. Tf « transferrin. 
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Fig. 3. Comparison of the toxicity of 454 A 12 monoclonal 
antibody linked to CRM 107 or to ricin A chain. Ceil lines 
derived from medulloblastoma (TE671 cell line, A), glioblas- 
toma (U25 1 cell line, B), or breast carcinoma (T47D cell line, 
C) were incubated with 454A12 immunotoxins for 3 hours 
followed by a 1-hour pulse with ,4 C-leucine. Cells were har- 
vested and protein synthesis in treated cells was expressed as 
a percentage of M C-leucine incorporated into untreated con- 
trol cells. 



Toxicity of Anti-TfR Antibody Conjugated to Ricin 
A Chain and to CRM 107 

The toxicity of the anti-TfR antibody, 454A12, con- 
jugated to recombinant ricin A chain (RTA) or to CRM 
107 was compared with Tf-CRM 107 on cell lines de- 
rived from medulloblastoma and glioblastoma (Table 
1). Both the : 454A12-RTA and the 454A12-CRM 107 
immunotoxin displayed very similar toxicities when 
evaluated after 24 hours using the in vitro assay of pro- 
tein synthesis described above. The IC 50 observed for 
both of these immunotoxins on established medullo- 
blastoma and glioblastoma cell lines ranged from ap- 



proximately 10"'° to lO - " M. Only one cell line, 
SNB 10 1, displayed a significant difference in sensitivity 
to the two immunotoxins. For this cell line, 454A12- 
CRM 107 was approximately 10-fold more toxic than 
454A12-RTA. 

Three established breast-derived cell lines, MCF-7, 
T47D, and ZR-75-1, were assayed, since breast tumors 
most commonly lead to meningeal carcinomatosis (Ta- 
ble 1). These cells displayed approximately the same 
sensitivity to the immunotoxins as was found for the 
medulloblastoma or glioblastoma cells. In a 24-hour 
assay, the IC 5( > was similar for both 454A12-RTA and 
454A12-CRM 107, ranging between 1 x 10" 10 M and 
7 x 10"" M. Tf-CRM 107 was approximately 10- to 
100-fold more toxic than the 454A12 immunotoxins 
on these breast cell lines. 

Figure 3 demonstrates very different dose-response 
curves for 454A1 2-CRM 107 and 454A12-RTA after 3 
hours of incubation with the immunotoxins on repre- 
sentative cell lines derived from medulloblastoma, 
glioblastoma, and breast carcinoma. The 454A 1 2-CRM 
107 displayed a steep dose-response curve for all three 
cell lines, with an IC 50 between 1 x 10"'° M and 6 x 
10" 10 M. The RTA immunotoxin is less toxic, inhibiting 
protein synthesis by less than 30% in TE671 and U25 1 
cells at concentrations greater than 10~ 7 M. 454A12- 
RTA is approximately 1 5-fold less toxic to T47D breast 
carcinoma cells than the CRM 107 immunotoxin. 

Similar dose-response curves for 454 A 1 2-CRM 107 
and 454A12-RTA were obtained in a 24-hour assay 
(Table 1), yet very different curves result from a 3-hour 
assay with the two toxin conjugates (Fig. 3). This indi- 
cates that large differences exist in the rate of cell killing 
by the two immunotoxins. Kinetic differences in the 
rate of killing by immunotoxins can be masked in an 
assay where inhibition of protein synthesis is measured 
over a long incubation period. The assay cannot detect 
cell killing beyond 90% of the input cells (10% of 
control protein synthesis). Immunotoxins with rapid 
killing may reach this level quickly and continue to kill 
additional logs of cells that are not detected in the assay. 
After long incubation times, the dose-response curves 
of immunotoxins with efficient killing rates may appear 
identical to those with less efficient rates of kill, since 
the assay does not reflect the additional log kill. 

Maximum Tolerable Dose In Vivo 

Guinea Pigs. To investigate the feasibility of in- 
trathecal immunotoxin therapy for tumors in the CSF, 
the toxicity of DT, CRM 107, and Tf-CRM 107 was 
determined. Varying concentrations of the toxins were 
injected percutaneously into the cisterna magna of 
guinea pigs. The maximum safe dose (maximum dose 
where no significant weight loss was observed) of DT 
was between 3.2 x 10~" M and 3.2 x 10" 12 M (Table 
2). Up to 100-fold higher doses of CRM 107 were 
tolerated without detectable toxicity. Therefore, the 
toxicity of CRM 107 in vivo is 1/100 that of DT, 
whereas the nonspecific toxicity of CRM 107 in vitro 
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TABLE 2 

Maximum tolerated dose in guinea pig cerebrospinal fluid* 



Toxin 


Concentration 


diphtheria toxin 


3.2 x IO" H Mto3.2x 10" 12 M 


CRM 107 


3.2 x 10- ,0 M 


Tf-CRM 107 


2 X 10-* M 




* Toxin alone or transferrin (T0-CRM J 07 conjugate was injected 
percutaneously into the cisterna magna of Strain 2 guinea pigs. The 
maximum dose consistent with survival is shown. No significant 
weight loss was observed in animals treated at these doses when com- 
pared with control animals. 



is 1/10,000 that of DT." Furthermore, conjugation of 
CRM 107 to Tf reduced the toxicity approximately 10- 
fold more (2 x \0~* M). Inactivation of toxicity due to 
conjugation was previously observed with other im- 
munotoxins. 32 

Rhesus Monkeys. Tf-CRM 107 was injected in- 
trathecally into the cisterna magna of two adult rhesus 
monkeys. Assuming a volume of distribution of 6 cc, 17 
doses were administered to produce a CSF concentra- 
tion of 3.3 x 10-'° M and 2 x 10' 9 M. Neither dose of 
Tf-CRM 107 caused apparent neurological illness, and 
both animals were alive 2 months after treatment. 
Weight loss was limited to less than 10% of baseline. 
At both dose levels, prominent fevers (> 39.5°C) oc- 
curred on Days 1 and 2 following treatment. Serum 
chemical levels, liver enzyme concentrations, renal 
function, and hematological parameters did not change. 
A CSF inflammatory response with pleocytosis, ele- 
vated protein levels, and normal glucose content was 
apparent for 48 hours but had largely resolved by 14 
days after treatment. 

The concentration of 2 x 10" 9 M, which was reached 
safely in vivo, was 20 to 5000 times greater than the 
IC 50 of Tf-CRM 107 to all the medulloblastoma, gliob- 
lastoma, and breast cells assayed in culture. 

Inhibiting Effects of Circulating Anti-DT Antibodies 

A critical factor in the efficacy of any CRM 107 
immunotoxin in man is the level of inactivating anti- 
DT immunoglobulin produced by intentional immu- 
nization with diphtheria toxoid. Since CRM 107 differs 
from DT in only two amino acids, it is expected that 
the majority of circulating antibodies would be cross- 
reactive with CRM 107. We therefore investigated the 
effect on DT toxicity of circulating levels of antibody 
in the serum and CSF. 

As shown in Fig. 4A, most human sera contain 
significant titers of inactivating antibody. Further titra- 
tion of the sera with higher levels of DT revealed 
approximately a 10,000-fold block by sera (data not 
shown). Serum samples from two donors, reportedly 
not intentionally immunized against DT, exhibited 
dose-response curves that closely paralleled the control 
DT curve; these samples serve as controls showing that 
human sera have no other effects on DT toxicity. 
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Fig. 4. Inhibition of diphtheria toxin (DT) cytotoxicity by 
human serum or cerebrospinal fluid (CSF). Vero cells, derived 
from green-monkey kidney, have high levels of DT receptors 
(1.6 x 10 5 sites/cell) 19 and as a result are extremely sensitive 
to DT toxicity. Vero cells were therefore used to determine 
the presence of anti-DT antibodies in the serum and CSF of 
normal volunteers. Dilutions of DT were preincubated at 
room temperature with an equal volume of undiluted serum 
or CSF for 30 minutes, then 22 m! of the preincubated DT 
mixture was added to the Vero cells and incubated for 14 
hours. Cytotoxicity assays were performed and results ex- 
pressed as described in Fig. 1 and in the Materials and Methods 
section. Results with a DT control sample (preincubated with 
phosphate-buffered saline rather than serum or CSF) are 
plotted as a bold line. The effect of preincubation of DT with 
serum (A) or CSF (B) from normal volunteers is shown by 
the thin lines. 



Low levels or total absence of inactivating antibody 
was found in the CSF (Fig. 4B) of normal volunteers. 
The CSF from a glioblastoma patient, a patient with 
breast cancer-related leptomeningeal carcinomatosis, 
and a patient with lymphomatous leptomeningitis was 
also tested (data not shown) and showed no inhibition 
of DT toxicity. The fact that CSF has only 0.2% to 
0.4% of the immunoglobulin G levels found in serum 22 
is consistent with our results which also substantiate 
the belief that the CSF compartment is an immunolog- 
ically privileged site. 

Inhibition of TF-CRM 107 and 454A12-CRM 107 
by Free Tf 

It is reported that CSF has 14 Mg/ml of circulating 
Tf. 6 Therefore, the effect of this concentration of free 
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Fig. 5. Inhibition of cytotoxicity by free transferrin (TO- 
The human erythroblastoma-derived cell line, K562, has been 
shown to express high levels of Tf receptor (1.5 x 10 5 sites/ 
cell) 20 and as a result is extremely sensitive to the Tf-CRM 
107 conjugate. The effect of Tf at 14 fig/ml reported to be 
the level found in human cerebrospinal fluid, on the cytotox- 
icity of diphtheria toxin (DT) and Tf-CRM 107 was therefore 
evaluated using K562 cells. Cells in leucine-free media without 
fetal calf serum were incubated with diferric Tf, producing a 
final concentration of 14 /<g/ml. Phosphate-buffered saline 
was added to the control wells. Dilutions of Tf-CRM 107 or 
native DT were added to the cell solution and the mixture 
was incubated for 5 hours at 37°C. Cytotoxicity assays were 
performed and results expressed as described in Fig. 1 and the 
Materials and Methods section. Closed circles: Tf-CRM 107; 
open circles: Tf-CRM 107 + 14 M g/ml Tf; closed triangles: 
DT; open triangles: DT + 14 Mg/ml Tf. 



Tf on the toxicity produced by Tf-CRM 107 was tested. 
The human erythroblastoma-derived cell line, K562, 
has been shown to express high levels of TfR ( 1 .5 x 10 5 
sites/cell), 25 and as a result is extremely sensitive to the 
Tf-CRM 107 conjugate. Therefore, using K562 cells, 
free Tf (14 Mg/ml) was found to inhibit the Tf-CRM 
107 conjugate fourfold and to have no effect on native 
DT (Fig. 5). Therefore, circulating levels of Tf in the 
CSF are sufficient to cause only a very minor block of 
toxicity. 

Binding of 454A 1 2-RTA and 454A 1 2-CRM 107 was 
mediated by the antibody portion of the conjugate as 
shown by the fact that free antibody could block toxicity 
(data not shown). Binding of 454A12 to the TfR is not 
inhibited by free Tf; Tf found in the CSF at 14-/*g/ml 
concentrations had no effect on the toxicity of either 
454A12 immunotoxin. 

Discussion 

In this report, the potential of a new type of toxin, 
CRM 107, has been demonstrated for use in the con- 
struction of highly potent immunotoxins directed spe- 
cifically at tumors of the CNS. Immunotoxins may be 
most effective for the regional treatment of disease 
confined to an anatomic compartment where transvas- 
cular delivery is not a problem and where relatively 
high local concentrations, and therefore greater thera- 
peutic effect, may be achieved. It was previously shown 
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that an anti-idiotype monoclonal antibody-ricin im- 
munotoxin, delivered intrathecally, significantly ex- 
tended survival in a guinea pig model of leptomeningeal 
neoplasia. The increased survival time, which corre- 
sponded to a median 2- to 3-log kill of tumor cells, 
occurred without detectable toxicity related to the im- 
munotoxin. 34 

CRM 107 represents a significant advance in the 
design of toxins for use in immunotoxin therapy. This 
is a genetically modified form of DT, differing from 
native DT at amino acid positions 390 and 525. 9 The 
toxin molecule consists of an A and B subunit. The A 
subunit enzymatically inactivates protein synthesis by 
transferring ADP-ribose to EF-2, thereby stopping the 
addition of amino acids to the growing polypeptide 
chain and thus killing the cell. The B subunit has two 
functions, facilitating both the binding of the toxin to 
the cell surface and the entry or translocation of the A 
subunit across the cell membrane into the cytosol where 
it functions. The advantage of CRM 107 is that the two 
amino acid changes in the toxin B chain inactivate 
toxin binding 8000-fold yet have no effect on the trans- 
location function. 9 Therefore, by finking CRM 107 to 
a specific binding moiety such as a tumor-specific mon- 
oclonal antibody, it is possible to target the full toxicity 
of the native toxin and still avoid the problems of 
nonspecific toxicity caused by toxin binding. 

The advantages of CRM 107-based immunotoxins 
become apparent when compared with immunotoxins 
made with DT A chains alone. Colombatti, et al., 4 
compared the toxicity of native DT conjugated with a 
monoclonal antibody specific for the T lymphocyte 
antigen receptor with that of the DT A chain conjugated 
to the same antibody. It was found that A chain im- 
munotoxins were 10,000-fold less toxic than those 
made with native DT. This reduction in toxicity reflects 
the loss of the B chain translocation function. CRM 
107 retains the translocation function, and therefore, 
when linked to a new binding site, maintains the full 
potency of killing found in the native toxin but with 
the high cell-type specificity of A chain conjugates. 9 12 
Cell lines derived from medulloblastoma, glioblas- 
toma, and breast carcinoma were chosen to assess the 
in vitro efficacy of CRM 107-based immunotoxins for 
treatment of tumors of the CSF compartment These 
three types of tumors were selected because they rep- 
resent examples of CNS tumors which are often difficult 
to treat with conventional forms of therapy and, in the 
case of breast carcinoma and medulloblastoma, fre- 
quently cause morbidity and mortality from leptomen- 
ingeal involvement. These in vitro results indicate that 
immunotoxin therapy offers certain advantages over 
existing treatments for these tumors. 

Medulloblastoma comprises 20% of all brain tumors 
in children.* Because of this tumor's high incidence of 
recurrence and propensity for dissemination through 
the CSF, these children require postoperative radiation 
therapy which usually impairs their intellectual and 
physical development. 32 1 A more targeted treatment 
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such as immunotoxin therapy would be especially use- 
ful for this type of tumor. Intrathecal immunotoxin 
treatment of medulloblastoma has the added advantage 
of free access to the tumor cells within the CSF, avoid- 
ing the potential problem of limited penetration into 
the tumor mass. 

Glioblastoma, the most common primary malignant 
brain tumor, is rapidly fatal. The best treatment cur- 
rently available (surgery, radiation therapy, and sys- 
temic chemotherapy) results in median survival times 
of less than 1 year. 27 28 Inasmuch as most treatment 
failures occur because of local recurrence of glioma, 10 
immunotoxins administered directly into the CSF or 
tumor to avoid delivery problems caused by the blood- 
brain barrier may provide additional tumor response 
and enhance log kill required for effective treatment of 
glioblastoma. 

A variety of carcinomas, most commonly those in- 
volving the breast, metastasize to the leptomeninges. 
The incidence of meningeal carcinomatosis in breast 
cancer is believed to be rising due to improvements in 
the management of systemic disease. 30 Diffuse second- 
ary involvement of the leptomeninges without focal 
parenchymal involvement is occasionally reported. 26,30 
These patients would be particularly suited for immu- 
notoxin therapy since the problems involved with pen- 
etration of a solid tumor mass by immunotoxins would 
be minimal. 

This study compared the efficacy of immunotoxins 
made with CRM 107 and RTA on representative cell 
lines derived from medulloblastoma, glioblastoma, and 
breast carcinoma. A monoclonal antibody to the TfR, 
454A12, was linked to each toxin and the in vitro 
toxicity was examined. Using a 24-hour inhibition of 
protein synthesis assay, both immunotoxins killed these 
cell lines at concentrations ranging between 10" 10 and 
10" M M. However, it was found that CRM 107 immu- 
notoxins kill at a much faster rate than the RTA im- 
munotoxins. A shorter incubation time (3 hours) for 
the in vitro assay demonstrates these kinetic differences. 
In these assays, 454A12-CRM 107 is 10- to 1000-fold 
more toxic than 454A12-RTA. The CRM 107 conju- 
gates displayed steep dose-response curves, again indic- 
ative of rapid killing. This increase in the rate of killing 
by CRM 107 immunotoxins compared to those made 
with RTA probably reflects the potentiating effect de- 
rived from the B chain entry function. 

It is logical that an immunotoxin that kills at a faster 
rate will ultimately produce greater log kill than a 
slower-acting immunotoxin. Laurent, et a/., 15 demon- 
strated this principle using a clonogenic assay. They 
found that immunotoxins with the fastest kinetics of 
killing also exhibited the greatest log kill of human 
lymphocytes. Our results predict that the in vivo effi- 
cacy of CRM 107 immunotoxins may surpass that of 
RTA immunotoxins. 

CRM 107 immunotoxins offer another advantage 
over RTA immunotoxins. Most individuals are im- 
munized against DT, as evidenced here by high titers 



of circulating neutralizing antibody. Therefore, any 
"leakage" of the CRM 107 immunotoxin from the CSF 
into the systemic vasculature would be quickly neutral- 
ized by circulating anti-DT immunoglobulin. 

Unlike many monoclonal antibodies, Tf cross-reacts 
among species. 1 Therefore, by linking Tf with CRM 
107 we were able to evaluate the toxicity of the conju- 
gate administered intrathecally in both guinea pigs and 
rhesus monkeys. Problems encountered in the periph- 
ery which would limit the efficacy of Tf-CRM 107 (that 
is, high levels of Tf and circulating anti-DT antibodies) 
do not appear to occur in the CSF. In rhesus monkeys, 
the highest dose of Tf-CRM 107 tested (2 x 10" 9 M) 
was without toxicity. Continuing toxicity trials to test 
higher concentrations will determine the maximum 
tolerated dose. In guinea pigs, the maximum tolerated 
dose in the CSF was 2 x 10" 9 M. The concentration of 
Tf-CRM 107 required to kill 50% of the cells derived 
from medulloblastoma, glioblastoma, or breast carci- 
noma in vitro ranged from 1 x 10~ HI M to 4 x 10~ 13 
M. We were therefore able to achieve a concentration 
of the conjugate in the CSF that was from 20- to 5000- 
fold higher than the level effective in vitro without 
detectable animal toxicity. 

CRM 107 conjugates represent a significant advance 
in immunotoxin efficacy. They combine a high degree 
of tumor specificity, the ultimate degree of potency 
(1 molecule/cell is sufficient to kill), with extremely 
rapid killing to produce a therapeutic window of up to 
5000-fold. These factors, together with the advantages 
offered by compartmentalized treatment, demonstrate 
that CRM 107 immunotoxins have considerable poten- 
tial for the treatment of leptomeningeal neoplasia. 
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Introduction 

Genetic engineering offers many advantages for the 1) production of im- 
munotoxins (ITs) and 2) design of more effective reagents. In Chapter 9, 
J.R. Murphy discusses the use of genetic engineering to link genes together 
resulting in chimeric proteins. This review covers the first applications of 
genetic engineering technology to improve ITs by studying and altering 
toxin B chains and broadening the therapeutic index between target and 
nontarget cells. 



Ricin 

Ricin is an extremely potent toxin isolated from castor bean seeds [1]. Ricin 
is synthesized during seed development and packaged into protein bodies 
within endosperm cells [2, 3]. The ricin gene has been cloned into E. coli by 
several groups [4, 5], and the nucleotide sequence closely corresponds with 
the protein sequence [6, 7]. The cDNA and genomic sequences show that 
ricin has a leader sequence that presumably initiates contranslational 
compartmentalization of ricin into the endoplasmic reticulum and that the 
two polypeptide chains, A and B, are initially synthesized as one polypeptide 
precursor joined by 12 amino acids [4, 5]. The precursor is proteolytically 
cleaved to yield two disulfide-linked subunits within the seed [8]. The toxin 
is post-translationally glycosylated on both A and B chains with high man- 
nose branched chains containing some xylose and fucose [9, 10]. 

Two isomers of ricin, called ricin D and E, have only 12 amino acid 
differences in sequence [11] and differ in the structure of the binding site 
[12]. Therefore, the differences in sequence between ricins D and E indicate 
amino acids and domains involved in the galactose binding site. The varia- 
tion of ricin sequence between varieties and species of castor bean is un- 
known; different investigators use different strains of seed. Hailing et al. [4] 
showed that the ricin sequence is one of a family closely related genes. 
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A hemagglutinin closely related to ricin also exists in the protein bodies 
of castor bean seeds [13]. This protein is homologous to ricin and has been 
cloned and sequenced [14). The agglutinin is 120,000 kiiodaltons and is 
comprised of two A chains and two B chains. The ricin E, B chain appears 
to have arisen from a recombination of the ricin D, B chain and the 
agglutinin B chain f 14J. The function of ricin and the agglutinin in the plant 
is unknown. 

Production 

M. Piatak and colleagues at Cetus have obtained high yield expression of 
ricin A chain in E. coli [15]. The recombinant ricin A chain (rRTA) is 
absolutely free of ricin B chain and has no carbohydrate residues covalently 
attached. The LD 50 of rRTA in mice is 25 mg/kg, compared to .003 mg/kg 
of native ricin. The concentration of rRTA needed to inhibit protein syn- 
thesis in cell-free translation assays is 3 ng/ml, which compares favorably 
with the native ricin A chain activity [1], The recombinant ricin A chain has 
been crystallized [16]. 

Recombinant ricin A chain has been linked to monoclonal antibodies and 
assayed for toxicity in vitro and in vivo. A monoclonal antibody specific for 
the human transferrin receptor (454A12) was linked to ricin A chain and 
recombinant ricin A chain [17]. Both ITs had the same potency to target cells 
in vivo and in vitro. In a nude mouse model of ovarian cancer, the rRTA IT 
could more than double the length of survival of intraperitoneal tumor- 
bearing animals. 

In another study, recombinant ricin A ITs were compared to intact ricin 
ITs [18]. Cloned ricin A chain was linked to a monoclonal antibody (M6) 
specific for the idiotype domain on L 2 C guinea pig leukemia cells. In vitro, 
the conjugate (M6-rRTA) inhibited protein synthesis of L 2 C cells 40% at 5 x 
10 5 M after five hours. The toxicity was potentiated by monensin. The 
same monoclonal antibody (M6) linked to ricin (M6-ricin) inhibited protein 
synthesis 98% under the same assay conditions. The intact ricin conjugate 
was more potent in vitro than the ricin A chain conjugate. For tumor 
therapy in vivo, the cloned ricin A chain conjugate was compared with 
monoclonal antibody alone and with intact ricin conjugate. Table 1 shows 
that a hierarchy in potency was found. M6 antibody was significantly better 
than no treatment and killed about 90% of the tumor cells in vivo at 3000 
Mg/kg. M6-rRTA killed about 90% of the cells at a 100-fold lower concen- 
tration than the M6 antibody alone, 30 /tg/kg. At 3000 /xg/kg M6-rRTA 
was more effective than an equivalent dose of antibody, killing up to 5 logs 
of 99.999% of the tumor cells. This shows that the recombinant ricin A 
chain conjugate was extremely effective in vivo and more potent than 
antibody alone. 
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Specificity or therapeutic index 

Ricin B chain can potentiate ricin A chain ITs (19-21]. Furthermore, intact 
ricin ITs are often more potent than ricin A chain ITs [22]. Gregg and 
colleagues [18] compared the activity of an rRTA IT with that of an intact ricin 
IT in vivo. Table 1 shows that the intact ricin IT killed 5 logs of tumor cells at a 
dose 100-fold lower than the rRTA IT. the B chain of ricin can therefore 
potentiate activity in vivo. Since both the rRTA and intact ricin ITs were 
used at doses within 3-5-fold of lethal levels and effected the same tumor 
cell kill, the conclusion was made that, though the ricin IT was 100 times 
more potent, both reagents had the same therapeutic index. 

The ricin and diphtheria toxin B subunits have two known functions: 1) 
binding cell surface receptors, and 2) facilitating entry of the toxin. The 
binding activity of the B chains causes nontarget cell toxicity of ITs and the 
entry activity increases the toxicity or potency of ITs to target cells. One 
way to increase the therapeutic index of ITs would be to block the binding 
activity and maintain the entry activity of the B chain. Recent work indicates 
that this may not be possible for ricin. Chemical inactivation of the galactose 
binding site on ricin was shown to block the toxicity of ITs [23], though 
Vitetta [24], using a different chemical modification of ricin and including 
NH4+CI" in the assays, came to the opposite conclusion. Goldmacher [25] 
found that cells lines selected for resistance to an intact ricin IT were resistant 
to ricin and had a decreased level of ricin receptors. This result indicates that 
ricin receptors are needed for the antibody-mediated toxicity of the IT. In 
addition, hybridoma cells that contain intracellular monoclonal antibody that 
specifically blocked ricin binding, blocked ricin toxicity from within cells [26]. 
A model consistent with these results is that ricin uses the galactose binding 
activity on the B chain within cells, possibly within the Golgi apparatus, to 
enter the cytosol. According to this model, blockage of the galactose-binding 



115 




Material may be protected by copyright law (Title 17, U.S. Code) 



activity on intact ricin ITs would block the entry to the cytosol. Therefore, 
site-specific mutagenesis that blocks the nontarget cell killing of ricin would 
not increase the therapeutic index of ITs. Reversible modification of the 
galactose-binding site that blocked binding outside target cells and exposed 
binding within cells may, however, generate reagents with improved thera- 
peutic indices. Recent work with diphtheria toxin discussed later, in contrast 
to ricin, shows separation of binding and entry is possible, and such modified 
diphtheria toxin conjugates have a greater therapeutic index. 

Stability 

The reticuloendothelial system has at least two clearance mechanisms specific 
for carbohydrates [27]. Hepatocytes have receptors that bind and internalize 
carbohydrates and glycoproteins containing terminal galactose, and Kupfer 
cells have receptors that bind and internalize carbohydrates and glycopro- 
teins containing terminal mannose residues [28, 29]. Native ricin has com- 
plex carbohydrate groups that have terminal mannose on both the A and B 
subunits [9], which result in specific binding and internalization of ricin by 
Kupfer cells. This causes rapid clearance of ricin and ricin A chain con- 
taining ITs in vivo. Efforts have been made to remove the carbohydrate 
from ricin A chain to prevent the rapid destruction of ITs in vivo [10]. 
Recombinant ricin A chain lacks carbohydrate and will not be cleared by the 
mannose-specific uptake pathway of the reticuloendothelial system as rapidly 
as native ricin A chain. 

Recombinant ricin A chain has a number of advantages over native ricin 
A chain: 1) The production of clinically useful amounts is simplified, 2) the 
chance of contamination with ricin B chain is eliminated, and 3) the car- 
bohydrate that causes rapid clearance of native ricin A chain is absent. 
Genetic engineering may also be used to modify toxin B chains and improve 
IT selectivity, as recently shown for diphtheria toxin [30, 31]. Such improve- 
ments in selectivity may or may not be accomplished for ricin or other 
toxins. 



Diphtheria toxin 

Diphtheria toxin, after proteolytic nicking, consists of two disulfide linked 
polypeptide chains. The A chain enzymatically inactivates EF-2 by ADP- 
ribosylation and blocks protein synthesis. The B chain has two activities: 1) 
binding cell surface receptors, and 2) translocation of the A subunit to the 
cytosol compartment. The mechanism of diphtheria toxin (DT) entry into 
cells is more clearly understood than the mechanism of ricin entry and 
appears to be different. Diphtheria toxin B subunit has four extremely 
hydrophobic regions that are capable of binding lipid [32, 33]. Upon exposure 
to pH below 5.5, the toxin undergoes a conformational change that exposes 
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Figure L Domains of diphtheria toxin and fragments. Hydrophobic domains are marked by 
black boxes. Adapted from Colombatti, et al., 1986. 



hydrophobic domains [34] and promotes toxin insertion into lipid bilayers 
[35]. That these events are important in toxin entry into cells is indicated by 
the fact that amines [36] or ionophores that increase the pH of intracellular 
vesicles block DT toxicity. Further, pulsing cells at low pH can mediate DT 
toxicity, even in the presence of ionophores [37, 38]. The hydrophobic 
regions of DT thought to be involved in membrane transport are shown on 
Figure 1 [32]. 

The receptor for DT on certain cells, such as the monkey kidney cell line 
Vero, appears to be the anion antiporter [39]. Polyphosphates such as ATP 
and phytic acid block DT binding [40]. The binding site on DT is in the 8 
kilodalton C-terminal fragment of the B chain [41] that is missing in CRM45 
(Figure 1). The serine at amino acid 508 is involved in DT binding and may 
lie in the binding site [31]. 

Greenfield and colleagues at Cetus cloned the fragment of DT corre- 
sponding to the CRM45 mutant into E. coli extending from amino acid 1 to 
382 (Figure 1). In addition, they designed a spacer arm and a crosslinking site 
at the C-terminus. The nucleotide sequence corresponding to leu-pro-gly- 
thr-gly-ser-gly-pro 6 -ser-gly-ser-gly-thr-cys was synthesized by solid-phase 
methodology and inserted adjacent to the C-terminus of the Msp restriction 
site at amino acid number 382. The new protein, called MspSA, was ex- 
pressed in high yield and purified. 

Specificity or therapeutic index 

Colombatti and coworkers [30] linked MspSA to a monoclonal antibody 
specific for the T3 antigen on human T cells and compare its bioacti vity to intact 
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toxicity of a monoclonal antibody against human T cells (UCHT1) linked to DT A chain 

(O O) or intact DT (■ ■) or a genetically engineered fragment to DT, called MspSA 

(A A), against the human T cell line Jurkat. (Adapted from /. Biol. Chem. 261: 3030- 

3035.) B: Immunotoxins made with diphtheria toxin mutants with point mutations blocking 
toxin binding assayed for toxicity to Jurkat cells. C: Toxicity of diphtheria toxin and mutants 
with point mutations blocking bindings assayed on Jurkat cells. Adapted from Science. 



DT and A chain ITs. The diphtheria toxin A chain IT was 10,000-fold less 
potent than the intact DT IT (Figure 2 A). The MspSA IT, which contained half 
of the native DT, was intermediate in potency between the A chain and intact 
toxin reagents (Figure 2A). The N-terminal 17 kilodalton region of DTB 
which was contained in the MspSA, therefore, potentiated IT activity 100- 
fold. Since the C-terminal region of DT contains the cell-surface binding 
site, this 100-fold activation appears to be due to entry activity expressed by 
MspSA and not expressed by DT A chain. However, the intact DT was 100- 
fold more potent than the recombinant MspSA IT. Since the MspSA IT 
lacks the C-terminal binding site as well as one hydrophobic domain, it was 
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not possible to tell whether this 100-fold potentiation was distinct from 
binding or not. The most elegant way to separate binding and entry would 
be to use point mutagenesis to block the B chain binding site. 

We recently identified point mutations in DT that block binding and toxi- 
city [31 J. Three point mutants of DT have toxicity decreased 1000- to 
10,000-fold (Figure 2C) and have binding activity decreased 100- to 9000- 
fold. Sequence analysis of the mutants identifies several amino acids 
involved in binding, including serine at position 508 and either leucine at 
position 325 or serine at position 525. 

Upon linking the inactivated mutants CRM107 and CRM103 to a mono- 
clonal antibody, full toxicity was restored, indistinguishable from the native 
DT linked to the same antibody (Figure 2B). This shows that the only defect 
in CRM107 that reduced toxicity 10,000-fold could be fully reversed by 
adding a new binding domain. This demonstrates that the binding function is 
not required for the entry activity of the B chain. The selectivity of the new 
reagent is increased 10,000-fold over the 100-fold selectively of the native 
DT IT, yielding a 2 x lO^fold selective toxicity. This new reagent has the 
high potency of intact toxin ITs to target cells combined with the low 
toxicity of A chain ITs to nontarget cells. This genetically engineered IT has 
three separable domains used to mediate cell-type-specific toxicity: 1) a 
monoclonal antibody binding domain, 2) the B subunit with full transloca- 
tion activity, and 3) the A chain with enzymatic activity to block protein 
synthesis. 

Stability 

Use of intact toxins genetically altered in their binding sites offers many 
advantages over the use of A chain ITs. First, as described, the therapeutic 
index can be orders of magnitude greater than for A chain ITs. In addition, 
a more stable linkage between intact toxin and antibody can be used than 
between the A chain and antibody. The A chain must be separated from the 
B in the cytosol for maximal enzymatic inhibition of protein synthesis [42, 
43]. Therefore, A chain ITs linked to monoclonal antibodies by disulfide 
bonds are more effective than those made with more stable thioether bonds 
[44]. However, the exogenous disulfide bond between A chains and anti- 
body can be readily broken in the blood [45]. In contrast, intact toxins can 
be linked to antibodies by nonreducible thioether bonds because the A 
chain is still linked to the complex by the disulfide bond to the B chain, 
allowing efficient inhibition of protein synthesis [46, 47], and the endo- 
geneous disulfide bond is stabilized in serum by the association of the A and 
B chains [48]. 

A chains have also been shown to be more susceptible to proteolysis than 
A chains associated with B chains [6]. In vivo stability to proteolysis of 
intact toxin ITs may be greater than that of A chain ITs. 
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Conclusion 

ITs show promise as a new class of chemotherapeutic reagents. They can be 
extremely tumor selective in vitro and in vivo in certain body compartments. 
However, they currently have many limitations that must be overcome to 
optimize their in vivo efficacy. Genetic engineering has already been used to 
improve IT production, stability, and selectivity. New ITs engineered at the 
gene level to overcome the current limitations will undoubtedly have greatly 
improved pharmacologic activities and clinical value. 
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VERSION CAA25302.1 GI: 758186 

DBSOURCE embl locus NCCDTOX, accession X00703.1 
KEYWORDS 

SOURCE Corynebacterium diphtheriae virus 

ORGANISM Corynebacterium diphtheriae virus 
Viruses . 
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